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member  of  the  team  of  scientists  and  engineers  who  devoted  years  to  the 
design  and  development  of  the  Wide  Field/Planetary  instrument.  The  leader  of 
the  team  was  James  Westphal  of  Caltech. 
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crystals  of  frozen  ammonia  and  traces  of  colorful  chemical  compounds  of 
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solar  system  are  discussed  by  DTM's  George  Wetherill  in  an  essay  starting  on 
page  45  of  this  Year  Book.  New  capabilities  for  observation  in  the  infrared, 
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President's  Commentary 


Vannevar  Bush,  1890-1974 


What  we  like  to  do  next  is  what  people 
tell  us  we  can  never  do. 

Kazuo  Inamori 

Trustee 

Carnegie  Institution  of  Washington* 

The  nature  of  science  is  such  that  progress  always  yields 
new  opportunities.  Success  is  never  an  end  but  rather 
marks  a  new  beginning.  So  it  is  that  this  century's 
remarkable  fundamental  discoveries  about  the  natural  world 
have  opened  the  way  for  an  even  more  exciting  and  fruitful 
future.  So  it  is  also  that  scientists  seem  to  nonscientists 
always  greedy  for  more  and  more  support. 

American  scientists,  like  energetic  and  talented  scientists 
all  over  the  world,  are  eager  to  grasp  the  new  opportunities. 
American  scientists  are,  however,  unique  because  of  the 
United  States'  envied  scientific  leadership,  a  position  that 
has  been  sustained  by  a  tradition  of  freedom,  by  effectively 
organized  research  institutions,  by  great  industrial  strength, 
by  excellent  universities,  and  by  a  generous  public. 

Much  of  our  nation's  success  in  building  such  priceless 
assets  had  its  origins  in  the  vision  of  Vannevar  Bush  and  in 
the  hard  political  work  he  undertook  to  make  that  vision  a 
reality.  The  model  for  Bush's  ideas  was  the  Carnegie 
Institution,  as  we  were  well  reminded  at  our  symposium  in 


*Quoted  in  David  Halberstam,  The  Next  Century,  William  Morrow  and  Co.,  Inc., 
New  York,  1991  (pp.  88-89). 
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March  1991  honoring  the  centennial  of  his  birth.  In 
particular,  the  Carnegie  Institution  model  emphasized  that 
critical  to  fundamental  scientific  progress  are  freedom  of 
inquiry,  the  role  of  the  individual  independent  investigator, 
and  the  ceaseless  aspiration  to  excellence.  Such  concepts 
underlay  the  organization  and  support  of  fundamental 
research  proposed  by  Bush  after  World  War  II.  Thus  in  the 
decades  that  followed,  federal  funds  were  awarded  to 
individual  scientists  on  the  basis  of  personal  excellence  and 
meritorious  proposals,  and  funds  were  also  dedicated  to  the 
training  of  young  scientists.  A  magnificent  record  of  success 
resulted. 

And  yet,  American  scientists  today  have  a  deep 
foreboding  about  the  future.  They  perceive  a  weakening  of 
society's  previously  spirited  commitment  to  scientific  and 
technical  progress.  But  among  many  individuals  outside  the 
scientific  community,  this  pessimism  is  difficult  to 
understand,  particularly  as  funds  for  science  have  increased 
substantially  over  the  last  decade  while  other  pressing 
national  needs  have  gone  begging.  What  then  is  awry? 

As  I  will  try  to  suggest  in  this  essay,  important  elements 
in  Vannevar  Bush's  vision  have  in  practice  been 
compromised  by  changing  circumstances.  Once  this  is 
recognized,  then  the  essential  principles  of  that  vision  can 
be  adapted  to  the  new  circumstances,  and  the  scientific 
community  can  regain  its  natural  optimism. 

The  Carnegie  Institution  can  play  an  important  role  in 
this  renewal  of  the  American  scientific  enterprise.  As  science 
in  America  flourished  over  the  last  45  years,  the  Institution 
changed  from  a  big  fish  in  a  little  pond  to  a  little  fish  in  a 
great  scientific  sea.  But  it  never  lost  its  sparkle  in  the  waters 
because  it  remained  true  to  its  commitment  to  excellence 
and  to  the  independence  and  integrity  of  its  individual 
scientists.  Thus  it  can  again  serve  as  a  model.  Fulfilling  this 
potential  will  not  require  large  changes  in  the  way  the 
Institution  functions,  but  it  does  nevertheless  present  us 
with  serious  challenges. 

The  Troubled  Research  Environment 

What  elements  of  Bush's  vision  have  been  altered,  often 
subtly  and  unwittingly,  by  shifting  circumstances,  and  how 
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are  they  changed?  Several  matters  appear  especially 
important,  some  of  them  economic,  some  procedural,  some 
ideological. 

The  economic  outlook.  Historically,  science  has  flourished 
in  a  wealthy  environment,  one  where  vigorous  research  and 
industrial  productivity  have  gone  hand  in  hand.  The 
increase  in  capital  that  accompanied  industrial  productivity 
provided  the  reserves  to  sustain  leadership  in  research. 
Thus,  comparing  our  economic  position  relative  to  the  rest 
of  the  world  at  the  close  of  World  War  II  to  our  nation's 
current  economic  weakness  understandably  contributes  to 
the  pessimism  of  scientists.  Moreover,  as  our  nation  converts 
from  a  manufacturing  to  a  service  economy,  scientists  sense 
that  fundamental  research  is  becoming  less  important  to 
industrialists  than  in  the  past,  when  innovative  ways  to 
manipulate  materials  and  things  were  essential  to  economic 
growth. 

The  enlargement  of  the  scientific  enterprise.  Far-sighted 
national  policies  have  succeeded  magnificently  in  fostering 
the  growth  of  scientific  opportunity  and  the  number  of 
trained  scientists.  Some  scientific  projects  and  research 
groups,  indeed  the  scientific  enterprise  itself,  have 
consequently  become  much  larger  than  they  were  in  Bush's 
day.  Concomitantly,  most  institutions  that  fund  and  house 
fundamental  research  have  also  grown.  Unfortunately, 
however,  there  has  been  little  examination  of  whether  the 
growth  modes  are  compatible  with  the  preservation  of  those 
qualities  required  to  foster  the  freedom,  independence, 
excellence,  and  vitality  essential  to  scientific  creativity. 

Large  increases  in  the  visibility  and  amount  of  public 
funds  for  research  mean  that  political  considerations  more 
often  influence  decisions  on  how  and  where  to  spend  than 
they  did  in  earlier  days.  Scientific  merit  is  no  longer  always 
decisive.  Thus,  pork  barreling  for  large  scientific  facilities 
benefitting  local  constituencies  is  increasingly  frequent  and 
now  accounts  for  the  majority  of  federal  funds  for  facilities. 
In  another  pertinent  example,  Congress  is  providing  tens  of 
billions  of  dollars  for  a  space  station  that  the  overwhelming 
majority  of  scientists  oppose.  Besides  this  decision's  effect 
on  the  funds  available  for  small,  innovative  research,  it 


CARNEGIE  INSTITUTION 

makes  a  mockery  of  the  government's  constant  complaint 
that  scientists  are  unwilling  to  state  research  priorities.  Even 
the  highly  effective,  if  imperfect,  peer  review  system  for 
allocating  relatively  small  grants  is  being  politicized  by 
Congress  and  by  program  officers  in  the  federal  government 
and  foundations. 

Federal  and  institutional  bureaucracies  increasingly 
demand  substantial  portions  of  scientists'  energy.  Current 
funding  mechanisms  require  counterproductive  amounts  of 
time,  effort,  and  conformity  in  the  preparation  and  review  of 
research  proposals.  Moreover,  the  system  whereby 
institutions  are  compensated  for  the  indirect  costs  of  doing 
research  (administration,  facilities,  libraries,  etc.)  is  coming 
apart.  The  system  has  long  fostered  dissension  between 
institutions  and  their  scientific  staffs  and  between 
institutions  and  the  government.  The  institutions  see  these 
funds  as  essential  to  their  ability  to  provide  the  proper 
research  environment.  Scientists  on  the  other  hand  widely 
believe  that  the  universities  deflect  these  sums  from 
research  support  to  other  institutional  needs.  Government 
has  been  ambivalent  about  the  appropriateness  of  the 
institutions'  cost  claims.  Recent  revelations  have  partly 
confirmed  the  concerns  of  scientists  and  government 
officials,  and  have  made  the  public  suspicious  about  the 
whole  idea  of  indirect  costs.  The  flamboyant  publicity 
engendered  by  adversarial  congressional  hearings  and  by 
the  press  has  exaggerated  matters  and  undermined  the  very 
legitimate  institutional  needs. 

Conflicts  between  scientists  and  their  institutions  are 
exacerbated  by  the  fact  that  the  awarding  of  funds  depends 
on  the  scientist's  merit  and  effort,  not  the  institution's. 
Moreover,  the  scientist's  own  salary  often  depends  on  his  or 
her  grants,  so  that  in  many  institutions  a  candidate's  ability 
to  obtain  grants  is,  unfortunately,  the  decisive  consideration 
in  recruitment. 

Additional  tensions  arise  from  the  increasing  reliance  of 
institutions  on  these  funds  and  by  disputes  between 
institutions  and  the  federal  government  as  to  the  nature  and 
extent  of  the  full  indirect  costs  (and  even  whether  full  costs 
should  be  reimbursed).  These  are  real  and  difficult  issues, 
and  no  less  than  the  viability  of  great  institutions  is  at  stake. 
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Perceptions  of  integrity  in  science.  The  goal  of  science,  to 
understand  the  natural  world,  depends  on  absolute 
integrity.  It  is  inherent  in  the  way  science  works  that 
colleagues  must  be  trustworthy.  Thus,  scientists  are 
dismayed  at  the  possible  implications  of  the  growing 
number  of  allegations  of  improper  conduct  in  research. 
Reactions  to  this  situation  are  complex.  Scientists 
unanimously  deplore  dishonesty,  and  they  fully  support 
criminal  punishments  for  plagiarism,  and  for  falsification  or 
fabrication  of  data  when  allegations  are  proven  in 
appropriate  legal  circumstances.  They  also  support 
institutional  sanctions  for  transgressing  long-accepted 
norms,  including  inappropriate  authorship  on  scientific 
reports,  intellectual  embezzlement,  and  neglect  of  teaching 
responsibilities.  But  they  are  concerned  that  the  extensive 
publicity  over  misconduct  in  science  conveys  to  the  public 
unwarranted  images  of  a  compromised  enterprise.  And  they 
are  afraid  that  measures  taken  to  minimize  misconduct  will 
be  so  unsuitable  and  draconian  as  further  to  diminish 
intellectual  freedom.  In  fact,  although  no  one  knows  with 
certainty  the  extent  of  the  problem,  there  is  ample  reason  to 
believe  that  misconduct  is  minimal.  The  most  compelling 
evidence  is  the  reliability  of  current  descriptions  of  the 
natural  world.  The  relatively  small  number  of  alleged  or 
proven  transgressions  leads  to  a  similar  conclusion. 

Fair  and  efficient  methods  exist  to  deal  with  allegations  of 
misconduct.  The  federal  science  agencies  have,  since  1989, 
required  that  an  institution  receiving  grants  in  support  of 
research  maintain  a  formal  policy  describing  how  it  will 
handle  allegations  of  misconduct  by  its  staff.  Experience 
thus  far  suggests  that  the  new  institutional  procedures  can 
give  satisfactory  results,  and  are  reasonable  starts  toward 
appropriate  mechanisms. 

It  is  unfortunate  that  just  as  these  policies  were  being 
tested,  Congress  and  the  press  renewed  their  attention  to 
situations  that  arose  previously,  before  the  new  policies 
were  established.  The  resulting  publicity  has  undermined 
the  integrity  of  ongoing  investigations  and,  through  leaks 
and  innuendo,  has  unfairly  prejudged  individuals. 
Frequently,  these  individuals  have  been  well-known 
scientists  whose  reputations  rest  on  both  great  scientific 
accomplishments  and  bold  public  stands  on  human 
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problems,  such  as  AIDS.  The  message  to  young  scientists  is 
clear:  the  public  recognition  that  comes  from  courageous 
leadership  can  make  people  attractive  targets  for 
congressional  investigations  and  sensational  press  reports, 
regardless  of  the  merit  of  misconduct  allegations.  And  all 
scientists  fear  the  imposition  of  inappropriate  additional 
procedures  even  before  the  recently  established  institutional 
policies  are  given  a  chance  to  succeed. 

Distractions  from  unfettered ,  fundamental  research.  In 
response  to  pressures  that  began  in  the  late  1960s, 
universities  were  increasingly  pressed  into  research 
"relevant"  to  social  problems,  at  the  expense  of  disinterested 
scholarship.  More  recently,  scientific  scholarship  has  been 
pressed  into  "relevance"  for  ameliorating  the  United  States' 
deteriorating  international  economic  "competitiveness." 
Consequently,  national  problem  solving  has  become  the 
rationalization  for  designating  increasing  shares  of  public 
and  private  research  funds  to  the  support  of  specific  social 
and  economic  goals.  Significant  numbers  of  scientists  have 
been  thereby  distracted  from  fundamental  questions. 
Paradoxically,  this  recruitment  of  science  in  the  service  of 
"competitiveness"  if  anything  diminishes  the  likelihood  that 
science  will  aid  in  economic  recovery.  As  Vannevar  Bush 
knew: 

Basic  research  is  performed  without  thought  of 
practical  ends....  The  scientist  doing  basic  research  may 
not  be  at  all  interested  in  the  practical  applications  of 
his  work,  yet  the  further  progress  of  industrial 
development  would  eventually  stagnate  if  basic 
scientific  research  were  long  neglected.* 

Bush  called  the  products  of  basic  scientific  research 
"scientific  capital."  But  basic  research  has  an  additional  role 
in  our  society.  The  training  of  young  scientists  in  the  U.S. 
has  drawn  remarkable  strength  from  the  active  participation 
of  students  in  the  basic  research  effort.  This  assures  a 
continuing  supply  of  highly  skilled  individuals  for  applied 
research  and  development,  as  well  as  for  basic  research 
itself. 


*Vannevar  Bush,  Science — The  Endless  Frontier:  A  Report  to  the  President  on  a  Program  for 
Postwar  Scientific  Research,  July  1945,  National  Science  Foundation  reprinted  edition, 
Washington,  DC,  1990  (p.  18). 
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In  view  of  this  environment,  it  is  no  wonder  that 
American  scientists  are  unsettled  and  fearful.  And  scientists 
abroad  watch  with  astonishment  as  the  great  U.S.  scientific 
enterprise  creaks  and  groans.  They  wonder  if  we  will  be  so 
foolish  as  to  squander  our  scientific  leadership  and  dissipate 
our  extraordinary  resources  of  talent  and  opportunity. 

A  Renewed  Role  for  the  Institution 

Earlier  in  this  century,  the  Carnegie  Institution,  by  its 
tradition  of  unfettered  support  for  individuals  of  excellence, 
integrity,  and  vision,  stood  as  a  model  for  building  an 
extraordinary  national  scientific  endeavor.  Now,  by  holding 
firm  to  that  tradition,  we  can  again  show  the  way  as  our 
troubled  national  scientific  effort  struggles  to  regain  its 
confidence.  This  will  require  on  our  part  a  recommitment  to 
the  essentials:  the  excellence  of  our  scientific  staff,  the 
independence  of  each  staff  member  to  pursue  her  or  his 
innovative,  provocative  ideas,  the  conviction  that  profound 
scientific  insights  emerge  from  the  minds  of  single 
individuals,  not  from  large,  planned  enterprises.  It  is 
important  for  us  to  remember  that  the  world  does  not  offer 
many  havens  for  people  with  vision,  certainly  not  havens 
where  the  visions  can  be  tested  and  realized.  Carnegie 
Institution  has  been  such  a  haven,  committed  to  the  view 
that  in  the  realization  of  such  individual  visions  lies  the 
great  hope  for  progress  and  for  sustaining  the  human  spirit. 

The  Institution's  recommitment  will  be  based  on  the 
strengths  evident  in  the  research  described  in  this  Year  Book 
and  reflected  in  the  major  recognitions  awarded  this  year  to 
our  scientists.  Allan  Sandage  of  the  Observatories  was 
awarded  the  prestigious  1991  Crafoord  Prize,  the  Nobel 
equivalent  among  astronomers.  Sandage's  role  in  modern 
astrophysics  is  the  subject  of  the  fascinating  book  Lonely 
Hearts  of  the  Cosmos,  by  Dennis  Overbye.  Steven  McKnight 
of  the  Department  of  Embryology  shared  this  year  the 
National  Academy  of  Sciences  Award  in  Molecular  Biology; 
his  views  on  the  value  of  science  on  a  small  scale  were 
reported  in  Science  magazine,  June  28, 1991.  Robert  Hazen  of 
the  Geophysical  Laboratory  and  his  co-author  received 
nationwide  attention  for  their  book  Science  Matters,  which 
explains  for  the  general  public  what  constitutes  scientific 
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literacy,  why  it's  important,  and  why  the  U.S.  lacks  it.  When 
George  Wetherill  stepped  down  this  year  as  director  of  the 
Department  of  Terrestrial  Magnetism,  his  colleagues  joined 
in  recognizing  almost  two  decades  of  extraordinary 
leadership,  and  Wetherill  himself  marked  the  occasion  by 
publishing,  in  Science,  a  major  paper  about  the  formation  of 
the  solar  system  (see  his  essay  in  this  Year  Book). 

The  Challenge  for  the  Carnegie  Institution 

The  Institution's  vitality  notwithstanding,  Carnegie 
scientists  have  not  been  immune  to  the  concerns  and  mood 
of  the  nation's  scientific  community.  The  national  economic 
picture  is  of  obvious  significance  for  our  endowment  and 
the  stability  of  our  future  operating  funds.  The  situation  also 
makes  more  difficult  our  efforts  to  raise  new  funds. 
Expanding  regulations  governing  financial  accounting, 
drug-free  work  environments,  outside  activities,  handling  of 
hazardous  waste,  and  indirect  cost  recoveries,  regardless  of 
their  merit,  inevitably  intrude  on  scientists'  time  and 
freedom,  and  we  too  now  have  a  policy  for  dealing  with 
allegations  of  misconduct.  Happily,  we  have  never  had  an 
occasion  to  apply  that  policy. 

Less  than  25  percent  of  our  annual  operating  funds  come 
from  federal  grants  (including  indirect  cost  recoveries); 
these  funds  give  us  important  added  scope  for  research  and 
for  our  training  of  young  scientists.  Our  dependence  on 
federal  funds  is  much  less  than  that  of  other  academic 
research  institutions,  and  therefore  we  are  less  affected  by 
the  government's  increasing  designation  of  funds  for 
specific  kinds  of  research.  However,  intense  competition  for 
the  diminished  pool  of  funds  available  for  truly  innovative 
research,  particularly  in  the  physical  sciences,  means  that 
federal  grants  are  difficult  to  win. 

How,  then,  in  the  current  environment,  can  the  Carnegie 
tradition  be  sustained?  How  can  we  assure  the  excellence  of 
Carnegie  science  and  scientists? 

We  must  encourage  Carnegie  scientists  to  be  innovative 
and  bold,  to  eschew  ordinary  science,  to  reach  out  always 
toward  the  unknown.  This  requires  sensitive  leadership 
from  department  directors,  leadership  that  is  at  once 
supportive  and  critical.  It  also  requires  regular  critical 
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Aerial  view  of  the  campus  for  the  earth  and  planetary  sciences  at  Broad  Branch  Road 
in  Washington,  D.C.,  photographed  looking  east  in  late  October  1991. 


appraisal  by  external,  expert  visiting  committees,  and 
serious  efforts  by  the  trustees,  who  provide  the  overview  of 
the  Institution's  activities  that  is  central  to  realistic 
self-appraisal.  For  this  reason,  the  trustees  have  decided  to 
hold,  each  year,  a  second  full  meeting  of  the  board.  The 
agenda  of  this  second  meeting  will  enable  the  trustees  to 
examine  each  of  the  departmental  programs  in  turn,  in  the 
context  of  worldwide  research.  Critical  self-analysis  at  all 
levels  is  necessary  if  we  are  to  meet  the  goals  that  were  set 
by  Andrew  Carnegie  and  reaffirmed  by  generations  of 
scientists  and  trustees. 

Modern  science  is  expensive.  Even  with  our  commitment 
to  remain  small  and  smart,  our  handsome  endowment  is 
insufficient  to  meet  the  current  challenges.  Grants  from  the 
federal  government  are  an  essential  supplement;  they  need 
not  compromise  our  independence  as  long  as  they  are  not 
too  large  a  part  of  our  annual  operating  budgets.  But  federal 
funds  combined  with  prudent  expenditures  of  endowment 
income — expenditure  levels  that  adequately  provide  for 
growth  of  endowment  to  assure  future  operations — are  not 
sufficient.  We  must  continue  to  seek  private  funds  if  we  are 
to  maintain  current  levels  of  activity  and  provide  the 
modern  facilities  and  equipment  essential  to  innovative 
research. 
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Carnegie  scientists  have  been  very  well  served  by  past 
investments  in  buildings  and  major  equipment.  We  are  all 
proud  of  the  new  and  refurbished  facilities  at  Broad  Branch 
Road  in  Washington  that  now  house  the  Department  of 
Terrestrial  Magnetism  and  the  Geophysical  Laboratory.  Lest 
anyone  think  that  this  was  an  extravagant  expenditure,  it 
should  be  remembered  that  the  new  quarters  replaced 
laboratories  that  had  been  in  constant  use  for  as  long  as 
eighty  years.  Other,  lesser  renovations  have  improved  and 
expanded  the  quarters  of  the  Department  of  Embryology  in 
Baltimore.  Renovations  and  additions  to  the  Department  of 
Plant  Biology's  facilities  on  the  Stanford  University  campus 
will  begin  in  early  1992.  Preliminary  planning  is  underway 
for  renovations  and  additions  to  the  offices  of  the 
Observatories  on  Santa  Barbara  Street  in  Pasadena, 
improvements  that  are  sorely  needed  because  of  past 
earthquake  damage  and  the  potential  for  even  greater 
damage  in  a  future  major  earthquake.  Our  biggest  challenge, 
however,  is  construction  of  the  Magellan  telescope  at  Las 
Campanas. 

Telescopes  have,  since  our  beginning,  been  the  symbol  of 
the  independence,  vision,  and  boldness  of  the  Institution. 
Mount  Wilson  is  a  magic  name  around  the  world.  Like  the 
earlier  mirrors,  the  Magellan  mirror  will  be  an  investment, 
really  an  endowment  for  astronomical  research.  As  with  the 
earlier  mirrors,  new  technologies  will  continuously  enhance 
its  light-gathering  potential,  its  ability  to  bring  to  us  new 
views  of  the  distant  universe.  Far  from  detracting  from  the 
rest  of  our  programs,  the  building  of  Magellan  should 
signify,  for  earth  scientists  and  biologists  as  well  as 
astronomers,  the  dedication  of  the  Institution  to  achieving 
the  very  best  understanding  of  the  natural  world  that  the 
human  mind's  curiosity  can  attain. 

The  task  of  building  Magellan  was  made  more  difficult 
by  the  withdrawal  this  year  of  the  Johns  Hopkins  University 
as  a  partner  in  the  project,  an  event  precipitated  by  that 
university's  own  financial  condition.  This,  and 
circumstances  related  to  other  large  telescope  projects — for 
example,  the  withdrawal  of  Ohio  State  University  from  the 
Columbus  project — have  led  to  additional  uncertainties  with 
respect  to  the  procurement  of  large  mirrors.  Carnegie 
astronomers  are  investigating  a  variety  of  alternatives,  from 
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new  partners  to  modified  designs.  Our  dedication  to 
Magellan  is  strong,  but  it  is  also  realistic. 

The  Institution's  endowment  over  the  years  has 
supported  a  vast  amount  of  excellent  research,  and  has  been 
well  husbanded  by  generations  of  trustees.  Yet,  our 
institutional  resources  are  now  stressed.  The  cost  of  doing 
research  rises  more  steeply  than  the  general  inflation.  New 
facilities  are  costly.  Additional  endowment  funds  are  needed 
to  assure  annual  operating  budgets  including  the 
incremental  costs  that  accompany  new  and  modern 
facilities.  Thus,  we  have  begun  to  enhance  our  resources.  In 
the  last  few  years,  the  trustees  have  shown  their  dedication 
by  extraordinary  new  contributions  for  capital  projects  and 
fellowship  endowments.  With  their  help,  we  met  a  challenge 
from  the  Kresge  Foundation  and  thereby  enabled  the 
establishment  of  a  one-million-dollar  endowed  fund  for 
development  of  new  astronomical  instrumentation.  With 
their  generosity,  we  have  a  core  of  the  funding  needed  for 
the  building  projects  at  Plant  Biology,  the  Observatories' 
offices,  and  for  Magellan.  The  Institution's  alumni — former 
employees  and  fellows — have  shown  their  esteem  for 
Carnegie's  efforts  through  their  annual  contributions.  We 
will  now  turn  our  efforts  to  outside  philanthropists  and 
corporations,  hoping  to  solicit  major  gifts  to  support 
fellowships,  staff  salaries,  the  building  projects,  and 
Magellan. 

This  institution  can  continue  to  thrive  and  advance 
scientific  knowledge  by  reaffirming  its  long-held  traditions. 
In  so  doing,  it  will  stand  as  a  reminder  to  the  nation  of  how 
a  great  scientific  enterprise  can  best  be  sustained.  We  can 
turn  again  to  Vannevar  Bush's  words  for  a  description  of 
our  purpose: 

...so  that  the  ambition  of  youth  may  have  an  outlet 
without  artificial  barriers,  so  that  genius  may  rise  and 
innovate  for  the  benefit  of  all.* 

— Maxim  F.  Singer 
November  1991 


"Vannevar  Bush,  Modern  Arms  and  Free  Men:  A  Discussion  of  the  Role  of  Science  in 
Preserving  Democracy,  Simon  and  Schuster,  New  York,  1949  (p.  264). 
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Losses,  Gains,  and  Honors 

Margaret  L.  M.  MacVicar,  former  vice  president  of  the 
Carnegie  Institution  (1983-1987),  and  William  Albert 
Hiltner,  former  project  manager  for  the  Magellan  telescope 
project  (1986-1991),  died  on  the  same  day,  September  30, 
1991 — MacVicar  after  a  year-long  battle  with  cancer,  Hiltner 
following  heart  surgery. 

William  "Al"  Hiltner  was  77  years  old  at  the  time  of  his 
death.  His  accomplishments  during  those  years  were  many: 
he  was  a  pioneer  instrumentalist,  discoverer  of  interstellar 
polarization  of  starlight,  president  of  the  Associated 
Universities  for  Research  in  Astronomy,  Inc.,  and  a  builder 
of  a  consortium  telescope  at  Kitt  Peak,  Arizona,  that  now 
bears  his  name. 

Hiltner  received  his  B.S.  degree  from  the  University  of 
Toledo  in  1937,  and  his  M.S.  (1938)  and  Ph.D.  (1942)  from  the 
University  of  Michigan.  After  working  at  Chicago's  Yerkes 
Observatory,  the  McDonald  Observatory  in  Texas,  and  the 
University  of  Chicago,  he  joined  the  faculty  at  the 
University  of  Michigan  in  1970.  He  chaired  Michigan's 
Department  of  Astronomy  for  twelve  years  and  retired  in 
1985. 

A  year  later,  he  joined  Carnegie's  Observatories,  where,  in 
George  Preston's  words,  "he  transformed  the  merest 
glimmer  of  an  idea  into  a  detailed  design  of  a  magnificent 
telescope...."  He  retired  from  Carnegie  in  June  1991. 

Margaret  MacVicar 's  career  was  centered  around  MIT, 
where  she  received  her  S.B.  in  1964  and  her  Sc.D.  degree  in 
1967,  and  then  became  a  faculty  member  in  1970.  At  the  time 
of  her  death,  at  the  age  of  47,  she  was  dean  of 
undergraduate  education  (the  first  to  hold  that  position), 
professor  of  physical  science,  and  the  Cecil  and  Ida  Green 
Professor  of  Education. 

MacVicar  was  an  expert  in  electronic  materials,  especially 
high-temperature  metal  and  ceramic  superconductors.  But  it 
was  as  an  academic  leader  that  she  was  nationally  known. 
She  played  major  roles  in  shaping  priorities  for  under- 
graduate education  and  for  science  education  in  public 
schools.  At  MIT,  she  founded  and  directed  the  highly 
acclaimed  Undergraduate  Research  Opportunities  Program, 
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which  encourages  undergraduate  partnership 
with  MIT  faculty  in  joint  research  activities. 

At  Carnegie,  she  worked  closely  with 
former  president  James  Ebert,  in  Ebert's 
words,  "laying  the  foundations  for  major 
achievements  some  of  which  have  only 
recently  come  to  fruition/7  Among  those 
achievements  was  the  co-location  of  research 
in  the  Institution's  two  departments  in  the 
earth  sciences. 

Ailene  Bauer,  who  worked  in  the 
Institution's  publications  office  for  26  years, 
died  on  June  30, 1991,  at  the  age  of  89.  Bauer 
joined  the  Institution  as  secretary  to  the 
publications  director  in  1939,  became  assistant 
to  the  director  a  few  years  later,  and,  in  1951,  she  was 
appointed  director  of  publications.  She  retired  in  1964. 

Hugh  Couch,  former  superintendent  of  buildings  and 
grounds  at  the  Observatories  (1946-1979),  died  December 
27, 1990. 

Edna  Lichtenstein,  former  secretary  at  the  Department  of 
Embryology  (1957-1970),  died  on  March  4, 1991. 

George  Wetherill  stepped  down  as  director  of  the 
Department  of  Terrestrial  Magnetism  on  July  1, 1991, 
after  16  years  of  service.  Wetherill,  who  will  continue  service 
at  DTM  as  a  staff  member,  first  came  to  DTM  after  receiving 
his  Ph.D.  in  1953  from  the  University  of  Chicago.  As  staff 
member,  he  collaborated  with  Thomas  Aldrich,  George 
Tilton,  and  Gordon  Davis  in  developing  new  methods  for  the 
determination  of  the  ages  of  rocks  and  minerals.  In  1960,  he 
moved  to  the  University  of  California  at  Los  Angeles,  where 
he  began  studies  on  solar  system  dynamics.  He  returned  to 
DTM  in  1975,  where  as  director  he  maintained  an  active 
research  program.  When  he  left  his  post  as  director,  DTM 
staff  member  Louis  Brown  assumed  the  role  of  acting 
director. 

Basil  Katem,  research  assistant  at  the  Observatories, 
retired  this  year  after  31  years  of  service. 

William  F.  Kieschnick,  a  trustee  since  1985,  resigned  from 
the  Board  in  March,  1991.  J.  Irwin  Miller,  a  trustee  since 
1988,  resigned  in  April. 


§    ;' 
Margaret  MacVicar 
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Gains 

David  Swensen  was  elected  to  the  Carnegie  Board  of 
Trustees  on  May  10, 1991.  Swensen  is  chief  investments 
officer  at  Yale  University,  where  he  manages  the  University's 
endowment  and  other  investment  assets.  He  also  teaches 
undergraduate  courses  on  finance  and  portfolio  theory  at 
Yale.  Swensen  received  his  undergraduate  degree  at  the 
University  of  Wisconsin,  River  Falls  (1975)  and  a  Ph.D.  (in 
economics,  1980)  from  Yale.  Before  returning  to  Yale  as  chief 
investments  officer,  he  served  as  an  associate  at  Salomon 
Brothers  (1979-1982),  and  as  senior  vice  president,  corporate 
finance,  at  Lehman  Brothers  (1982-1985). 

Honors 


Allan  Sandage,  staff  member  at  the  Observatories, 
received  the  Crafoord  Prize  from  the  hands  of  King 
Carl  XVI  Gustav  in  Sweden  on  September  25, 1991.  The 
award  honored  Sandage' s 
contributions  "to  the  study  of  galaxies, 
their  populations  of  stars,  clusters,  and 
nebulae,  their  evolution,  the 
velocity-distance  relation  (or  Hubble 
relation),  and  its  evolution  with  time/' 
The  Prize  is  given  annually  for 
contributions  in  a  field  not  recognized 
by  the  Nobel  Prizes — in  mathematics, 
astronomy,  geosciences,  or  biology,  on  a 
rotating  basis. 

Steven  McKnight,  staff  member  and 
Hughes  Investigator  at  the  Department 
of  Embryology,  received  the  1991 
National  Academy  of  Sciences  Award 
in  Molecular  Biology  jointly  with 
Robert  Tjian  of  the  University  of 
California,  Berkeley,  for  "advancing 
our  understanding  of  transcriptional 
regulation." 

Russell  Hemley,  staff  member  at  the 
Geophysical  Laboratory,  was  awarded 
the  1990  Mineralogical  Society  of 


Allan  Sandage,  left,  receives  the 
Crafoord  Prize  from  Swedish  King 
Carl  XVI  Gustav. 
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America  Award  for  his  contributions  to  our  understanding 
of  minerals  and  other  materials  at  ultrahigh  pressures. 

Allan  Spradling,  Embryology  staff  member  and  Hughes 
Investigator,  was  elected  to  the  American  Academy  of  Arts 
and  Sciences  in  May  1991. 

George  Wetherill,  director  of  the  Department  of 
Terrestrial  Magnetism,  was  honored  at  a  symposium,  'Time 
Scales  &  Solar  System  History, "  organized  by  the  DTM  staff 
and  held  at  DTM  on  May  1-2, 1991. 

Winslow  Briggs,  director  of  the  Department  of  Plant 
Biology,  was  awarded  the  1991  Rudi  Lemberg  Traveling 
Fellowship  by  the  Australian  Academy  of  Sciences. 

Vera  Rubin,  DTM  staff  member,  delivered  the  1991 
commencement  address  for  the  College  of  Computer, 
Mathematical,  and  Physical  Sciences,  University  of 
Maryland,  College  Park. 

Denise  Montell,  staff  associate  at  Embryology,  received  a 
1991  Lucille  P.  Markey  Scholar  Award  in  Biomedical  Science. 
She  also  received  a  FIRST  Award  for  young  investigators 
from  the  National  Institutes  of  Health. 

Craig  Bina,  Gilbert  Fellow  at  DTM  and  the  Geophysical 
Laboratory,  received  a  1991  Presidential  Young  Investigator 
Award  in  April. 

Fellows  at  the  Observatories  have  garnered  many  awards 
this  past  year.  Steve  Majewski  received  the  1991  Ernest  F. 
Fullam  Award  from  the  Dudley  Observatory.  Mario  Mateo 
and  Jeffrey  Willick  received  Fullam /Dudley  Awards.  Patrick 
J.  McCarthy,  Suzanne  Hawley,  Heather  Morrison,  and 
Dennis  Zaritsky  received  1991  Hubble  Postdoctoral 
Fellowships  from  the  Space  Telescope  Science  Institute. 

Timothy  Short  and  Marta  Laskowski  of  Plant  Biology 
received  National  Science  Foundation  postdoctoral 
fellowships. 

DTM  predoctoral  fellow  Ann  Moran  was  awarded  a 
1991-1992  American  Fellowship  from  the  American 
Association  of  University  Women  Educational  Foundation. 

Former  Plant  Biology  fellow  Jeffrey  Palmer  (1981-1983) 
received  the  1991  David  Starr  Jordan  Award. 

Former  Geophysical  Laboratory  fellow  Donald  Dingwell 
(1984-1986)  received  the  Victor-Moritz-Goldschmidt  Prize  of 
the  German  Mineralogical  Society.  Former  fellow  Ross 
Angel  (1987-1988)  received  the  Mineralogical  Society  of 
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America's  1990  Crystallography  Research  Grant  Award. 

Former  Embryology  predoctoral  fellow  William 
Landschulz  (1985-1989)  was  selected  as  a  co-recipient  of  the 
1991  Wilson  S.  Stone  Memorial  Award. 

Trustee  Edward  E.  David,  Jr.  was  awarded  the  Silver  Stein 
Award  by  the  MIT  Alumnus  Center  of  New  York. 

Trustee  John  Diebold  received  the  Professor  Karol 
Adamiecki  Memorial  Medal  for  his  role  as  president  of  the 
World  Management  Council. 

The  board  of  directors  of  Pfizer  Inc.  renamed  the  Pfizer 
chair  at  MIT  the  Pfizer  Inc.-Gerald  D.  Laubach  Career 
Development  Chair,  after  Carnegie  trustee  Gerald  Laubach. 

William  Golden  was  elected  a  trustee  of  the  Center  for  the 
Study  of  the  Presidency  on  March  14, 1991.  He  received  a 
special  tribute  of  appreciation  by  the  National  Science  Board 
on  May  8  "for  sustained  and  exemplary  contributions  to 
science  policy/' 

Caryl  Haskins  was  awarded  the  Centennial  Medal  from 
Harvard  University  in  June  1991. 

Crawford  Greenewalt,  trustee  emeritus,  received  the  Du 
Pont  Company's  Lavoisier  Medal  for  Technical  Achievement. 

Carnegie  president  Maxine  Singer  received  an  honorary 
doctorate  of  science  from  Franklin  and  Marshall  College  on 
April  12, 1991.  On  April  19,  she  accepted  the  Mory's  Cup, 
presented  by  the  Board  of  Governors  of  the  Mory's 
Association.  She  was  the  Barnard  College  Commencement 
Speaker  on  May  14.  On  May  27,  she  received  the  Wilbur 
Lucius  Cross  Medal  of  Honor  in  New  Haven,  Connecticut. 


The  Observatories 


The  Las  Campanas  Observatory,  seen  from  the  west.  Left  to  right:  du  Pont 
Telescope,  10-inch  astrograph  telescope,  24-inch  University  of  Toronto 
telescope,  Swope  Telescope.  In  distance:  maintenance  area  and 
astronomer's  lodge  area  (far  right).  Aerial  photograph  by  John  Bedke,  1984. 


The  Director's  Introduction 

The  work  of  the  Observatories  is  shaped  by  the  independent 
free  choices  of  staff  members  and  fellows.  In  devising  research 
programs  to  be  undertaken  at  the  telescopes,  each  individual 
makes  a  personal  response  to  the  discourse  taking  place  in  the 
literature  and  seizes  opportunities  provided  by  new 
instrumentation.  The  investigator  plans  observations  to  check  in 
some  crucial  way  that  the  world  is,  or  is  not,  as  he  or  she  imagines 
it  to  be.  Behind  the  best  work  are  an  erudite  knowledge  of  the 
history  of  the  subject,  a  sensitive  awareness  of  the  contemporary 
discourse,  the  technical  competence  to  grasp  an  opportunity 
provided  by  new  instrumentation,  and  the  vividness  of 
imagination  that  poses  the  question  leading  the  astronomer  to  the 
telescope. 

Since  Hubble' s  day,  the  Carnegie  Observatories  have  always 
maintained  a  strong  presence  in  observational  cosmology,  and  this 
year  Allan  Sandage  received  the  Crafoord  Prize  recognizing  a 
lifetime  of  distinguished  work  devoted  to  this  field.  Reviewing  the 
work  in  progress  at  the  Observatories  today,  I  am  struck  by  the 
extent  to  which  the  entire  effort  is  suffused  with  cosmological 
concerns.  Not  only  is  work  proceeding  in  traditional  areas  like  the 
measurement  of  the  Hubble  expansion  rate,  where  Freedman  and 
her  colleagues  are  breaking  new  ground,  but  also  in  studies  of  the 
large-scale  distribution  of  matter  in  space,  and  in  studies  of  the 
deviations  from  the  uniform  Hubble  expansion.  But  beyond  these 
more  or  less  traditional  concerns  of  observational  cosmology, 
nearly  all  the  work  at  Santa  Barbara  Street  is  part  of  an  exploration 
of  the  universe  as  it  was  in  the  remote  past. 

One  of  the  most  exciting  developments  in  cosmology  in  the 
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past  five  years  has  been  the  observation  of  galaxies  at  large 
redshifts.  One  of  the  major  players  in  this  field  is  Pat  McCarthy, 
who  came  to  the  Observatories  as  Carnegie  Fellow  in  1988,  and 
continues  here  as  Hubble  Fellow  and  Staff  Associate.  Our 
contribution  to  this  Year  Book  is  his  description  of  this  astonishing 
and  direct  look  at  the  world  in  the  remote  past,  and  an  essay  by 
staff  member  Eric  Persson,  which  gives  an  account  of  some  of  the 
instrumental  developments  that  helped  make  it  possible. 

— Leonard  Searle 


Radio  Galaxies  in  the  Early  Universe 

by  Patrick  McCarthy 

Astronomy  is  unique  among  the  sciences  in  that  it  allows  us  to 
look  directly  into  the  past.  This  is  possible  not  because  nature 
has  left  us  fossils  of  a  select  number  of  long-dead  inhabitants,  but 
because  the  finite  speed  of  propagation  of  light  provides  us  with 
the  equivalent  of  a  tape-delayed  broadcast  of  the  distant  past.  By 
observing  objects  that  are,  for  example,  1000  light  years  away,  we 
are  seeing  them  as  they  were  1000  years  ago.  This  phenomenon 
becomes  very  powerful  when  the  times  involved  become 
comparable  to  the  age  of  the  universe  itself,  some  10-20  billion 
years  (Gyr).  One  of  the  most  fundamental  issues  that  one  can  thus 
address  is  the  question  when  the  first  discrete  objects  formed  from 
the  nearly  uniform  primordial  sea  of  hydrogen  and  helium.  The 
galaxies,  self-gravitating  collections  of  billions  to  trillions  of  stars, 
are  the  dominant  observable  constituent  of  the  universe,  and  the 
question  when  they  formed  has  become  a  major  focus  of 
theoretical  and  observational  astronomy. 

To  know  how  far  back  in  time  one  is  seeing  a  particular  galaxy, 
one  must  have  a  measure  of  its  distance.  In  practice  this  is 
accomplished  by  measuring  the  galaxy's  "redshift,"  the  amount 
that  its  electromagnetic  waves  have  been  stretched  by  the 
expansion  of  the  universe.  The  distance  or  look-back  time  is  then 
computed  from  the  redshift  by  dividing  by  the  proportionality 
constant  relating  redshift  to  distance  (and  hence  light  travel  time), 
the  Hubble  constant.  A  redshift  of  1,  meaning  that  the 
electromagnetic  waves  have  been  stretched  to  twice  their  original 
lengths,  translates  into  a  look-back  time  of  roughly  half  the  age  of 
the  universe,  or  some  10  billion  years. 

The  naive  approach  to  finding  the  most  distant,  and  hence 
earliest,  galaxies  would  be  simply  to  go  out  and  observe  the 
faintest  objects  on  the  sky  and  measure  their  redshifts.  This 
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procedure,  in  fact,  is  not  very  productive  in  finding  galaxies  with 
redshifts  larger  than  1.  There  are  roughly  100,000  very  faint 
galaxies  visible  with  current  telescopes  in  each  patch  of  sky  the 
size  of  the  full  Moon.  Many  of  these  galaxies  are  intrinsically  faint 
or  average-brightness  objects  lying  at  modest  distances.  To  find  the 
small  fraction  of  them  that  lie  most  of  the  way  back  to  the  big 
bang,  one  needs  an  efficient  means  of  distinguishing  them  from 
their  foreground  descendants. 

One  of  the  most  efficient  means  of  selecting  galaxies  at  very 
large  redshifts  is  to  search  for  them  in  the  radio  sky.  Unlike  in  the 
visible  sky,  many  of  the  brightest  objects  in  the  radio  sky  lie  at 
vast,  cosmological  distances.  This  approach  was  pioneered  by 
astronomers  at  the  Observatories  in  the  1950s  and  1960s  and  in 
particular  by  Rudolph  Minkowski  who,  in  I960,  located  the 
then-most-distant  galaxy  by  identifying  the  visible  counterpart  of 
the  radio  source  3C  295.  At  a  redshift  of  0.46,  this  galaxy  gives  us  a 
view  of  the  universe  roughly  30%  of  the  way  back  to  the  big  bang. 
While  this  is  a  modest  redshift  by  current  standards,  in  1960  it  was 
at  the  limit  of  what  the  world's  largest  telescope,  the  Palomar 
200-inch,  and  the  best  photographic  emulsions  were  capable  of.  In 
the  1970s  and  early  80s,  considerable  effort  was  made  to  identify 
the  few  hundred  brightest  radio  sources  on  the  sky,  yielding  a 
large  number  of  galaxies  with  redshifts  between  1  and  2.  It  became 
clear  in  the  late  1980s,  however,  that  one  would  need  to  observe 
fainter  radio  sources  in  order  to  make  further  progress  toward 
finding  the  most  distant  galaxies. 

When  I  came  to  the  Observatories  as  a  Carnegie  Fellow  in  1988, 
my  goal  was  to  carry  out  a  search  for  radio  galaxies  at  redshifts 
beyond  2  and  to  use  them  to  constrain  the  time  of  galaxy 
formation.  The  unique  blend  of  resources  here  and  the 
long-standing  preeminence  of  Carnegie  astronomers  in  the  study 
of  galaxies  and  their  evolution  provided  an  unparalleled 
opportunity  to  undertake  a  research  venture  of  such  broad  scope. 
The  program  would  entail  observations  over  much  of  the 
electromagnetic  spectrum,  and  so  would  require  a  wide  range  of 
skills.  Two  of  my  colleagues,  Vijay  Kapahi  of  the  Giant  Metre  Wave 
Radio  Observatory  in  India  and  Wil  van  Breugel  at  the  Institute  for 
Geophysics  and  Planetary  Physics  at  Livermore,  are  expert  radio 
astronomers,  and  their  talents  have  proven  invaluable  to  the 
program.  The  central  issue  of  this  study — the  ages  of  the  most 
distant  galaxies — can  only  be  addressed  with  infrared 
observations;  thus  Eric  Persson  of  the  Observatories  and  the 
infrared  camera  that  he  describes  in  the  following  article  have 
played  a  vital  role  in  this  investigation. 

We  began  by  selecting  a  sample  of  some  hundred  radio  sources 
whose  brightness  and  spectral  properties  at  meter  wavelengths  are 
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such  that  they  are  most  likely  to  lie  at  great  distances.  The  original 
radio  source  positions,  obtained  with  a  rather  crude  radio 
interferometer  in  Australia,  were  not  precise  enough  to  allow  us  to 
decide  which  of  the  many  faint  galaxies  on  the  visible  sky  were 
responsible  for  the  radio  emissions.  To  obtain  higher-precision 
radio  positions,  we  imaged  the  sources  at  centimeter  wavelengths 
with  the  Very  Large  Array,  a  21-km-long  array  of  27  radio  dishes 
located  in  the  high  desert  of  New  Mexico.  This  instrument 
produces  images  with  the  resolving  power  equivalent  to  a  single 
telescope  21  km  in  diameter. 

The  second  step,  identifying  the  particular  galaxy  that  is  the 
source  of  a  radio  emission,  involves  obtaining  deep  images  of  the 
sky  with  the  du  Pont  Telescope  equipped  with  a  CCD  detector.  The 
galaxies  are  faint,  having  apparent  magnitudes  of  22-25,  some 
2^40  million  times  fainter  than  the  faintest  stars  visible  to  the 
naked  eye.  After  the  correct  galaxy  has  been  identified,  its  redshift 
must  be  measured  through  spectroscopic  observations.  In 
performing  spectroscopy  one  disperses  the  light  into  its 
constituent  colors  and  hence  dilutes  the  energy  falling  on  each 
element  of  the  detector.  Thus,  obtaining  spectra  of  galaxies  that  are 
quite  faint  to  begin  with  can  be  challenging.  Here,  the  radio 
galaxies  again  offer  a  great  advantage  over  ordinary  galaxies. 
Powerful  radio  sources  have  unusually  strong  emission  lines, 
particularly  in  the  ultraviolet,  where  as  much  as  20%  of  the  total 
luminosity  of  the  galaxy  is  emitted  at  a  single  frequency. 
Minkowski  was  well  aware  of  this  in  1960  when  he  obtained  the 
redshift  of  3C  295  from  its  strong  emission  lines.  In  the  past  two 
years  we  have  determined  the  redshifts  for  65  of  our  faint  radio 
galaxies,  with  more  than  eighteen  of  these  lying  at  redshifts 
greater  than  2,  corresponding  to  look-back  times  in  excess  of  80% 
of  the  age  of  the  universe. 

Once  the  redshifts  of  the  galaxies  have  been  determined,  the 
real  science  begins.  Our  goal  is  to  determine  the  ages  of  the  distant 
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galaxies  from  their  stellar  content.  This  procedure,  described  in 
detail  below,  gives  a  physical  age  in  years,  which  we  then  subtract 
from  the  age  of  the  universe  at  the  observed  redshift  of  the  galaxy, 
thereby  deriving  a  time  (or,  more  directly,  a  redshift)  of  galaxy 
formation.  Before  jumping  headlong  into  this  endeavor,  however, 
we  must  carefully  examine  what  sorts  of  galaxies  our  selection 
criteria  have  yielded. 

Selecting  distant  galaxies  at  radio  wavelengths  has  been  of 
great  value,  allowing  us  to  probe  most  of  the  way  back  to  the 
beginning  of  time  with  relative  ease,  but  must  there  not  be  a  price 
to  pay?  The  simple  fact  that  we  are  using  a  population  of 
extremely  rare  objects  to  ask  when  the  average  galaxy  formed,  is 
fraught  with  danger.  Suspicions  that  things  are  not  so  easy  are 
confirmed  when  one  compares  the  detailed  structure  of  the  radio 
emission,  which  arises  from  electrons  moving  at  nearly  the  speed 
of  light,  to  the  spatial  distribution  of  starlight  in  these  most  distant 
galaxies.  The  radio  emission  is  produced  by  beams  of  plasma  (an 
electrically  conducting  fluid)  moving  in  a  highly  ordered  magnetic 
field.  The  amount  of  energy  contained  in  the  radio  emitting  plasma 
is  a  staggering  1061  ergs,  equivalent  to  ten  million  times  the  total 
energy  emitted  by  all  of  the  stars  in  our  Galaxy  integrated  over  its 
entire  10-20  Gyr  history.  When  this  prodigious  amount  of  energy 
is  deposited  in  a  gas-rich  galaxy  early  in  its  development,  it  can 
have  rather  spectacular  consequences. 

What  we  observe  in  the  distant  radio  galaxies  are  enormous 
regions  of  massive-star  formation,  distributed  on  scales  of 
hundreds  of  thousands  of  light  years  along  the  path  of  the 
outflowing  plasma.  It  appears  that  the  outflowing  jets  of  energized 
electrons,  moving  at  nearly  the  speed  of  light,  have  collided  with 
clouds  of  cold  neutral  hydrogen  and  triggered  spectacular  bursts 
of  star  formation  therein.  These  starbursts  are  very  luminous  in  the 
ultraviolet  and  can  drown  out  the  light  of  the  more-numerous  but 
less-luminous  stars  that  constitute  the  bulk  of  the  stellar  mass  of 
the  galaxy. 

To  observe  the  stars  that  make  up  the  bulk  of  these  distant 
galaxies  by  mass  we  must  look  in  the  region  of  the  electromagnetic 
spectrum  where  these  stars  emit  most  of  their  light.  Stars  generally 
emit  light  in  the  spectral  region  visible  to  the  naked  eye,  but  in  the 
distant  galaxies  this  light  has  been  redshifted  to  infrared 
wavelengths.  As  Eric  Persson  describes  in  the  following 
contribution,  the  technology  of  infrared  detectors  has  evolved 
tremendously  in  recent  years,  giving  us  a  sensitivity  at 
wavelengths  of  1-2  m  nearly  equal  to  that  afforded  by  CCDs  at 
visible  wavelengths.  The  details  of  the  observing  procedure  and 
the  results  from  early  IR  observations  of  our  sample  are  illustrated 
in  his  article. 
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Fig.  1.  This  plot  of  flux  (in  microjanskys)  vs.  wavelength  of  emission  (in  A) 
shows  the  results  of  fitting  a  galaxy-evolution  model  to  the  observations  of  a 
redshift-2  radio  galaxy.  The  filled  squares  refer  to  the  observed  flux  contained 
in  a  compact  infrared  object  within  the  galaxy  image,  while  the  open  circles 
contain  the  flux  distributed  over  the  larger  image  in  the  visible-light  picture. 
The  dotted  (lower)  curve  shows  the  modeled  spectral  energy  distribution  of  a 
2.8-Gyr-old  galaxy  having  no  ongoing  star  formation.  The  solid  line  is 
obtained  by  adding  to  this  old  galaxy  a  small  fraction  of  its  mass  in  newly 
formed  stars,  the  starburst  population.  The  age  implied  by  the  shape  of  the 
spectrum  longward  of  4000  A  is  2.8  Gyr  years  in  this  model. 


These  data  are  interpreted  with  the  aid  of  a  model  of  the 
evolution  of  the  stellar  population.  The  computation  is  begun  by 
laying  down  a  set  of  new-formed  stars  with  a  distribution  of 
masses  matching  that  found  in  the  solar  neighborhood  (mass 
determines  the  rate  at  which  they  evolve).  These  stars  are  then 
aged  numerically  in  the  temperature-luminosity  plane  according 
to  current  theories  of  stellar  evolution.  In  the  calculations,  the  most 
massive  stars  evolve  rapidly  and  expand  to  become  red 
supergiants  and  subsequently  supernovae.  The  less  massive  stars 
evolve  more  slowly,  but  they  too  eventually  expand  and  become 
red  giants.  The  distribution  of  stars  in  the  temperature-luminosity 
plane  is  then  transformed  into  a  color  and  luminosity  for  the 
galaxy  as  a  whole,  and  this  procedure  is  carried  out  at  a  series  of 
ages  in  time-steps  of  100  million  years  or  so.  After  a  billion  years 
all  of  the  massive  and  hot  stars  have  died  and  the  galaxy  becomes 
quite  faint  in  the  UV  and  gets  progressively  redder.  To  this 
passively  evolving  collection  of  old  stars  we  must  add  a 
component  representing  newly  formed  stars  in  the  regions  of 
massive-star  formation  produced  by  the  expanding  radio  jets. 
These  stars  are  quite  hot  and  produce  very  blue  colors  in  the 
ultraviolet. 
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The  resulting  model,  an  old  galaxy  plus  a  young  burst  of  star 
formation,  reproduces  the  overall  shape  of  the  spectral  energy 
distributions  of  the  distant  radio  galaxies  quite  well.  In  Figure  1, 1 
show  the  results  of  such  a  model  fit  to  the  energy  distribution  of 
one  of  the  redshift-2  radio  galaxies  shown  in  Eric  Persson's  article. 
The  age  of  the  oldest  stars  is  deduced  from  the  slope  of  the 
spectrum  at  long  wavelengths.  The  observational  data  shown  in 
Figure  1  can  only  be  fit  with  an  underlying  collection  of  stars 
having  ages  of  2-3  Gyr  or  more.  The  age  of  the  universe  at  redshift 
2  is  between  2.5  and  4  Gyr  (for  a  Hubble  constant  of  50  km  s_1 
Mpc-1),  leaving  scant  time  to  make  galaxies  as  old  as  the 
observations  shown  above  imply. 

Our  observations  of  this  and  other  very  red  galaxies  at  large 
redshift  imply  that  the  most  massive  objects  formed  very  early  in 
the  universe.  Such  an  early  formation  epoch  is  difficult  to 
accommodate  in  most  of  the  currently  fashionable  theories,  and 
the  Cold  Dark  Matter  models  in  particular.  Indeed,  these 
observations  and  similar  work  on  the  most  distant  quasars  are 
forcing  theorists  to  reexamine  some  of  their  most  cherished  beliefs 
regarding  the  density  and  distribution  of  matter  and  energy  in  the 
early  universe. 

The  prospects  for  the  future  in  this  field  are  quite  bright. 
Further  advances  in  infrared  two-dimensional  detectors  promise  to 
open  the  type  of  investigation  described  above  to  galaxies  more 
representative  of  our  own  Milky  Way.  When  the  Magellan 
telescope  becomes  operational  in  the  late  1990s,  there  is  every 
reason  to  believe  that  by  observing  deep  into  the  infrared  sky  we 
may  be  able  to  reach  far  enough  back  to  see  directly  the  formation 
of  galaxies.  The  thought  of  witnessing  one  of  nature's  grandest 
and  most  profound  events  is  a  prospect  that  cannot  fail  to  move 
even  the  most  sober  individual. 


Infrared  Observations  of  Distant  Galaxies 

by  S.  Eric  Persson 

Astronomy  at  near-infrared  wavelengths  is  being 
revolutionized  by  recent  advances  in  detector  technology. 
Prior  to  1985  almost  all  near-infrared  observations  were  made  with 
single-channel  instruments,  while  now  we  are  routinely  taking 
pictures  with  arrays  of  thousands  of  individual  detectors,  each  one 
of  which  performs  considerably  better  than  the  earlier  single  ones. 
While  the  detectors,  associated  cameras,  and  computers  are 
combining  to  improve  fundamentally  the  quality  and  quantity  of 
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the  data,  the  technology  continues  to  advance  rapidly  with 
introduction  of  ever-larger  arrays.  Infrared  astronomy  is  in  the 
exciting  stage  of  development  that  optical  astronomy  was  upon 
the  inception  of  CCD  (charge-coupled  device)  detectors  a  decade 
ago. 

This  article  describes  some  of  the  ongoing  efforts  in  infrared 
astronomy  at  the  Observatories  of  the  Carnegie  Institution  of 
Washington.  We  have  built  a  high-resolution  infrared  camera,  now 
in  regular  use  on  our  Las  Campanas  telescopes.  Some  of  our  first 
observations  have  led  to  new  results  on  the  stellar  content  of  very 
distant  galaxies.  In  the  preceding  essay,  Patrick  McCarthy 
discusses  a  program  of  radio  galaxy  identifications  and  optical 
observations,  one  that  is  providing  clues  to  the  nature  of  some  of 
the  most  distant  and  luminous  galaxies  in  the  universe.  The 
infrared  observations  of  these  objects  are  essential  to  this  work, 
and  they  are  described  here. 

There  are  three  near-infrared  wavebands  in  which  the  Earth's 
atmosphere  is  quite  transparent,  and  through  which  all 
ground-based  near-infrared  observations  are  made.  These 
windows  are  at  1.25, 1.65,  and  2.20  urn,  conventionally  called  the  J, 
H,  and  K  passbands.  Deep  imaging  of  astronomical  objects  at  these 
wavelengths  is  important  for  a  few  basic  reasons.  First,  objects  that 
are  obscured  behind  interstellar  dust  clouds  can  often  be  studied 
easily,  whereas  this  may  be  impossible  at  optical  wavelengths.  For 
example,  optical  light  from  the  center  of  our  own  Galaxy  is 
attenuated  by  a  factor  of  1011,  rendering  it  completely  invisible, 
compared  to  the  factor  of  only  ten  attenuation  at  2.2  urn.  Seeing 
through  the  dust  is  important  to  the  study  of  star  formation,  both 
on  the  scale  of  local  molecular  clouds  and  on  the  scale  of  galaxy 
nuclei  and  quasars  buried  in  dust. 

Second,  ordinary  populations  of  old,  cool  stars  in  spiral  and 
elliptical  galaxies  emit  most  of  their  energy  in  the  near-infrared. 
Thus,  in  order  to  study  the  dominant  contributor  to  the  bolometric 
light  (the  total  energy  output),  infrared  observations  are  required. 

Third,  certain  programs  in  classical  optical  astronomy  can  be 


OBSERVATORIES  29 

pursued  effectively  in  the  near-infrared  because  the  systematic 
effects  of  metal  abundance,  reddening,  and  stellar  temperature  are 
so  much  reduced  compared  to  the  visible.  A  good  example  is  that 
of  determining  the  extragalactic  distance  scale  via  measurements 
of  Cepheid  light  curves. 

Finally,  and  of  greatest  interest  for  cosmology  and  galaxy 
evolution,  the  familiar  Doppler  effect  shifts  the  visible  energy 
spectrum  of  a  distant  galaxy  out  into  the  infrared,  while  also 
shifting  the  ultraviolet  part  of  the  spectrum  into  the  visible.  A 
galaxy  that  is  intrinsically  faint  in  the  UV  will  thus  virtually 
disappear  when  visible  light  detectors  are  used,  while  its  detection 
at  infrared  wavelengths  is  hardly  affected.  Thus  our  view  of  the 
high-redshift  universe  is  quite  different  at  optical  and  infrared 
wavelengths.  It  seems  likely  that  observational  studies  of 
protogalaxy  evolution  and  of  evolved  galaxies  at  large  distances 
and  look-back  times  are  solely  in  the  province  of  infrared 
astronomy. 

Each  of  these  aforementioned  areas  is  a  subject  of  active 
current  interest  at  the  Observatories,  and  each  owes  its  progress  in 
large  part  to  infrared  cameras  developed  by  us  and  by  scientists  at 
Palomar  Observatory  for  the  200-inch  telescope.  Beginning  in  late 
1987,  the  author,  together  with  postdoctoral  associate  Steven  West 
(now  at  the  University  of  Arizona)  and  David  Carr,  Observatories 
electronics  engineer,  began  the  design  of  an  infrared  camera  for 
use  on  our  1-m  and  2.5-m  telescopes  at  Las  Campanas.  Our  goals 
were  to  build  a  versatile  instrument  intended  mainly  for  deep 
imaging  of  faint  sources  but  with  a  capability  for  low-resolution 
spectroscopy.  The  camera  that  resulted,  with  considerable  input 
from  support  scientists  David  Murphy  and  Anand 
Sivaramakrishnan,  is  now  in  routine  use.  One  of  its  main  features 
is  that  the  effective  focal  length  can  be  rapidly  changed  to  fit  a 
particular  project;  the  optical  design  incorporates  ten  lenses 
mounted  within  a  dewar  operating  at  liquid  nitrogen  temperature 
(77  K). 

The  heart  of  the  system  is  a  detector  array  purchased  from  the 
Rockwell  Science  Center  in  Thousand  Oaks,  California.  These 
devices  were  developed  under  a  contract  to  build  a  second- 
generation  instrument  for  the  Hubble  Space  Telescope  (the 
NICMOS  project).  The  present  detector,  installed  in  October  1990, 
is  a  wafer  of  16,384  (128  x  128)  mercury-cadmium- telluride 
(HgCdTe)  diodes  bonded  to  an  integrated  circuit  mosaic  of 
transistor  gating  circuits.  Infrared  photons  are  absorbed  in  the 
HgCdTe  diodes  and  converted  to  electrons  which  discharge  a 
previously  charged  capacitor  associated  with  each  picture  element 
(pixel)  of  the  array.  At  the  end  of  the  exposure,  clocking  electronics 
apply  the  voltage  at  each  pixel  site  sequentially  to  a  low-noise 
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Fig.  la.  Images  of  the  radio  galaxy  0156-252  (redshift  2.02)  in  the  6700- A  red  band  (on 
the  left),  and  in  the  1.65-|im  H  band.  Associated  with  the  extended  optical  nebula  is  a 
compact  infrared  object  with  a  steep  (red)  energy  distribution.  The  direction  of  the 
radio  source  axis  is  shown  by  the  two  lines. 


amplifier,  and  the  resulting  voltages  are  digitized  for  storage  in  a 
computer.  The  Rockwell  devices  have  proven  to  be  excellent  for 
astronomy,  in  terms  of  quantum  efficiency,  the  small  number  of 
dead  pixels,  linearity,  noise,  and  stability. 

A  useful  property  of  this  particular  circuit  design  is  that  the 
charge  (or  voltage)  at  each  pixel  site  can  be  measured  without 
penalty  while  the  integration  is  in  progress.  It  is  thereby  possible 
to  reduce  the  electronic  noise  of  the  system  to  a  level  insignificant 
compared  to  the  statistical  fluctuations  in  the  arrival  rate  of  the 
photons.  This  brings  us  to  one  of  the  main  difficulties  in  doing 
infrared  astronomy,  namely  the  large  background  flux  of  photons 
from  the  Earth's  atmosphere  and,  at  the  longer  wavelengths,  from 
the  telescope  itself.  The  background  photon  flux  is  several  orders 
of  magnitude  brighter  than  the  faintest  objects  to  be  measured,  and 
at  certain  wavelengths  can  vary  by  factors  of  a  few  in  a  minute. 
Another  constraint  is  that  each  pixel  can  store  only  about  250,000 
electrons  (a  small  amount  of  charge),  so  the  detector  can  be 
exposed  to  the  sky  for  only  a  minute  or  so  before  the  tiny 
capacitors  are  fully  discharged. 

These  related  problems  are  solved  by  using  a  specialized 
observing  technique,  namely  the  taking  of  many,  perhaps  fifteen, 
individual  exposures  of  the  field,  moving  the  telescope  a  few  arc 
seconds  between  exposures.  The  deliberate  mis-registration  of  the 
original  frames  allows  us  to  create  a  special  picture  of  the  sky 
background  that  is  accurate  to  a  few  parts  in  ten  thousand,  and 
which  is  devoid  of  astronomical  objects.  This  "sky"  picture  is 
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Fig.  lb.  Analogous  images  of  the  radio  galaxy  0406-244  (redshift  2.44).  In 
this  case  the  optical  and  infrared  morphologies  are  similar.  The  arrow 
points  to  an  infrared  object  that  has  no  optical  counterpart. 

subtracted  from  and  divided  into  the  original  frames,  and  this 
leaves  us  with  a  set  of  pictures  from  which  the  sky  has  been 
removed,  and  from  which  the  pixel-to-pixel  variations  in  the 
detector  response  have  been  cancelled  out.  The  final  step  is  to 
assemble  these  pictures  into  a  mosaic  showing  only  the 
astronomical  objects  correctly  registered.  The  viability  of  this 
process  depends  critically  on  the  stability  of  the  response  of  the 
pixels,  which  is  excellent  for  the  Rockwell  devices. 

Some  of  the  most  interesting  results  obtained  so  far  with  the 
camera  are  those  of  the  distant  radio  galaxies  that  McCarthy 
describes  in  his  essay.  Figures  la  and  lb  show  red-  and  H-band 
pictures  of  two  of  the  galaxies  in  our  program;  they  are  at  redshifts 
of  z  =  2.02  and  2.44,  corresponding  to  look-back  times  of 
approximately  12  billion  years.  The  red  image  of  0156-252  shows  a 
spatially  extended  object,  the  axis  of  which  lines  up  with  the  image 
of  the  radio  source,  while  the  infrared  counterpart  is  compact  and 
lies  within  the  optical  object.  At  these  redshifts  the  optical  photons 
we  detect  were  actually  emitted  in  the  deep  ultraviolet  in  the 
objects'  rest-frame;  likewise  the  compact  H-band  image  is  really  a 
picture  of  the  objects'  rest-frame  visual  appearance,  shifted  in 
wavelength  by  a  factor  of  (1  +  z).  The  images  of  0406-244  show 
exactly  the  opposite  effect,  in  that  the  appearance  of  the  optical 
counterpart  to  the  radio  source  looks  similar  to  the  infrared 
morphology.  Note  also  the  compact  infrared  object  that  has  no 
optical  counterpart.  (We  return  to  this  subject  below.)  Each  of  these 
infrared  pictures  required  about  45  minutes  of  integration  on  the 
2.5-m  du  Pont  Telescope.  They  were  taken  in  October  1990,  during 
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Fig.  2.  Red  and  infrared  (K-band)  images  of  two  elliptical  galaxies  (marked 
El  and  E2)  in  a  cluster  at  redshift  0.4.  Note  the  two  infrared  objects  that 
apparently  have  no  optical  counterparts. 

the  first  observing  run  with  the  present  128  x  128  detector. 

Infrared  observations  are  also  being  carried  out  at  the  Palomar 
Observatory  200-inch  telescope  in  collaboration  with  Keith 
Matthews.  There  we  are  using  a  different  kind  of  detector,  an 
indium  antimonide  array  manufactured  by  the  Santa  Barbara 
Research  Corporation.  In  a  long-range  program  we  have  been 
measuring  the  overall  energy  distributions  of  ordinary  giant 
elliptical  galaxies  in  clusters  at  redshifts  between  zero  and  one. 
The  goal  of  this  program  is  to  look  for  evidence  of  extremely  cool 
stars  in  the  integrated  light  of  these  galaxies,  particularly  when 
they  are  seen  at  earlier  stages  of  evolution  (i.e.,  at  high  redshift). 
Figure  2  shows  red  and  infrared  pictures  of  two  elliptical  galaxies 
in  a  rich  cluster  at  a  redshift  of  0.4;  they  are  the  bright  extended 
objects  El  and  E2  to  the  left  of  center  on  each  frame.  (Alan  Dressier 
and  James  Gunn  used  a  CCD  camera  on  the  Palomar  200-inch  to 
take  the  red  picture.)  The  exciting  finding  on  this  pair  of  frames  is 
the  easy  detection  of  two  infrared  objects,  B  and  A,  neither  of 
which  has  any  counterpart  on  the  red  picture.  Their  reality, 
confirmed  by  a  very  deep  CCD  picture  at  a  longer  wavelength,  is 
not  in  doubt — i.e.,  they  are  not  transient  objects,  such  as  asteroids. 

There  are  several  possible  explanations  for  these  objects;  they 
could  be,  for  example,  heavily  dust-embedded  galaxies  either 
within  the  redshift-0.4  cluster  or  perhaps  at  an  entirely  different 
redshift,  or  they  could  be  local  dwarf  stars.  We  have  very  little 
information  to  go  on  so  far,  but  neither  the  heavily  reddened 
galaxy  idea  nor  the  dwarf  star  idea  fares  well  when  one  compares 
the  observed  energy  distributions  with  those  of  known  infrared 
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galaxies  or  late- type  stars.  Other  arguments  against  the  dwarf  star 
hypothesis  include  the  improbability  of  finding  two  such  objects 
within  a  few  arc  seconds  of  each  other  and,  secondly,  the  fact  that 
the  redder  object  (B)  does  appear  to  be  slightly  spatially  extended. 
If  the  spatial  extension  can  be  confirmed  with  future  data,  the 
single-star  possibility  will  be  ruled  out. 

Another  possible  explanation  is  that  they  are  high-redshift 
galaxies  accidentally  located  in  the  same  field  of  view  as  the 
foreground  galaxies.  One  can  argue  circumstantially  from  the 
detection  of  the  infrared  object  in  the  field  of  0406-244  in  Figure  lb: 
these  very  red  objects  seem  to  come  in  pairs  or  groups,  consistent 
with  their  location  in  distant  clusters.  The  Figure  3  model  energy 
distribution  of  a  normal  galaxy  of  stars,  seen  some  2  x  109  yr  (2 
Gyr)  after  a  formation  starburst  lasting  1  Gyr,  provides  a 
reasonable  match  to  the  photometric  data  on  the  redder  object.  In 
the  absence  of  better  or  more  extensive  data  it  is  difficult  to  be 
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Fig.  3.  A  family  of  model  spectral  energy  distributions  (flux  density  Fv/  in 
normalized  cgs  units,  vs.  wavelength  of  emission  X  in  A)  for  elliptical  galaxies 
passively  evolving  after  an  initial  starburst  lasting  1  Gyr.  The  ages  in  Gyr  measured 
from  the  onset  of  the  burst  are  indicated.  The  observed  flux  densities  of  object  B  in 
Figure  2,  assuming  a  redshift  of  1.8,  are  shown  (solid  dots),  although  other  fits  are 
also  acceptable.  The  upper  limit  shown  for  the  red-band  data  point,  at  2400  A  in  the 
rest  frame  (the  dot  at  the  top  of  the  arrow),  is  three  times  larger  than  the  background 
noise.  Unless  the  object  is  heavily  reddened,  it  must  be  older  than  about  2  Gyr. 
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certain,  but  we  may  have  discovered  a  relatively  old  galaxy  at  a 
high  redshift,  probably  around  2. 

If  confirmed,  this  result  will  provide  a  direct  constraint  on 
combinations  of  standard  cosmological  parameters.  In  order  for 
the  galaxy  to  appear  as  red  as  we  see  it,  it  must  have  aged 
passively  for  2  Gyr,  as  illustrated  by  the  model  fit  in  Figure  3.  Now 
the  total  elapsed  time  from  the  point  at  which  the  protogalactic 
material  began  to  assemble  itself  gravitationally  to  the  present  is 
the  sum  of  four  intervals:  the  assembly  time,  the  burst  duration 
time  of  1  Gyr,  the  passive  evolution  time  of  2  Gyr,  and  the 
cosmological  lookback  time.  In  conventional  cosmological  models 
this  conclusion  forces  the  formation  redshift  Zt  to  a  rather  high 
value:  the  redshift  difference  corresponding  to  a  span  of  3  Gyr 
before  z  =  2  implies  a  Zf  greater  than  5  in  the  oldest  universe 
currently  considered  plausible  by  cosmologists  (20  Gyr).  If  the 
expansion  of  the  universe  is  actually  decelerating,  then  the 
universe  is  less  than  20  Gyr  old  and  the  formation  redshift  is 
forced  to  even  higher  values.  In  fact,  the  age  constraint  of  3  Gyr 
can  be  used  to  limit  or  place  a  bound  on  the  possible  deceleration; 
otherwise  the  implied  formation  redshift  is  impossibly  large. 

There  are  many  more  such  objects  awaiting  discovery  with  the 
next  generation  of  infrared  detectors  mounted  on  our  best 
telescopes.  The  next  step  for  Las  Campanas  will  be  the  installation 
in  the  infrared  camera  of  a  256  x  256  array.  With  the  future 
Magellan  telescope,  modestly  optimized  for  work  in  the 
near-infrared,  it  will  be  straightforward  to  significantly  improve 
the  quality  of  the  data  on  high-redshift  galaxies  such  as  those 
discussed  here.  It  will  also  become  possible  to  obtain 
low-resolution  spectra  of  them  in  order  to  estimate  their  redshifts. 
We  expect,  therefore,  that  the  study  of  galaxy  formation  and 
evolution  at  high  redshift  will  receive  a  vital  contribution  from 
infrared  astronomy  in  the  coming  years. 
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The  Director's  Essay 

This  is  my  last  chance  to  write  this  annual  essay,  and  I  was 
tempted  to  indulge  in  reminiscences,  as  well  as  to  seize  the 
opportunity  to  speak  my  mind  about  the  nature,  goals,  purpose, 
and  future  of  this  Department,  and  perhaps  the  Institution  as  well. 
But  then  I  decided  that  I  was  too  young  for  the  former  and  it  was 
too  late  for  the  latter,  so  instead  I  have  chosen  to  tell  about  two 
pieces  of  scientific  work  in  which  I  personally  have  taken  much 
interest  during  the  past  year.  These  are: 

(1)  A  new  quantitative  model  for  planet  formation  that  for  the 
first  time  integrates  the  formation  of  the  terrestrial  planets  with 
that  of  the  asteroids,  and  provides  a  new  framework  for  relating 
studies  of  meteorites  to  the  formation  of  the  solar  system.  I  would 
guess  that  this  will  turn  out  to  be  controversial,  as  well  it  should, 
because  the  usual  fate  of  new  theories  of  this  kind  is,  at  best,  to  be 
found  deficient,  and  often  simply  wrong.  But  at  this  time  I'm  quite 
excited  about  this,  and  can't  resist  taking  this  opportunity  to  write 
about  it. 

(2)  A  very  interesting  study  on  the  geochemical  differentiation 
of  the  early  Earth,  carried  out  by  V.  Rama  Murthy  of  the  University 
of  Minnesota  while  he  was  at  DTM  on  sabbatical  leave  this  year. 
This  investigation  promises  to  reconcile  previous  conflicts  between 
physical  and  chemical  models  of  the  formation  of  the  Earth. 

From  Planetesimals  to  Planetary  Embryos,  Planets,  and  Meteorites 

During  the  past  fifteen  years  almost  all  quantitative  efforts  to 
reconstruct  the  processes  by  which  the  planets  formed  have 
centered  on  what  is  traditionally  termed  the  "planetesimal 

45 


46  CARNEGIE  INSTITUTION 

hypothesis,"  proposed  by  T.  C.  Chamberlin  early  in  this  century. 
This  approach  builds  on  the  concept  of  Laplace,  that  the  newly 
formed  Sun  was  surrounded  by  an  orbiting  disk-shaped  "solar 
nebula"  of  dust  and  gas.  This  proposal  has  remained  a  somewhat 
speculative  but  nevertheless  often  fashionable  hypothesis  for  two 
centuries.  Recent  studies  of  young  stars,  in  which  DTM's  Alan 
Boss  and  John  Graham  are  playing  an  active  role,  are  at  last 
providing  theoretical  and  observational  support  for  this  concept. 
According  to  the  planetesimal  hypothesis,  a  very  large  number  of 
small  solid  bodies,  termed  "planetesimals,"  formed  by  aggregation 
of  the  dust.  These  planetesimals  then  collided  with  one  another 
and  grew  into  bodies,  termed  "planetary  embryos/'  ranging  in  size 
from  about  that  of  the  Moon  to  that  of  Mercury.  Finally,  these 
embryos  collided  and  grew  into  the  terrestrial  planets  (Mercury, 
Venus,  Earth,  and  Mars)  as  well  as  the  central  cores  of  the  giant 
gaseous  planets  of  the  outer  solar  system.  Until  a  few  years  ago,  it 
was  not  clear  whether  this  progression  from  planetesimals  to 
embryos  to  planets  was  an  orderly  one,  lacking  clear  demarcation 
between  the  planetesimal  and  embryo  stages.  Recent  dynamical 
studies  of  the  natural  evolution  of  a  swarm  of  planetesimals 
indicate  that  orderly  growth  of  this  kind  probably  does  not  occur. 
Instead,  the  growth  of  planets  appears  to  have  gone  through  two 
distinct  stages. 

The  first  stage  was  a  rapid  (104-105  years)  agglomeration  of 
planetesimals  into  embryos.  During  this  stage  there  was  very  little 
mixing  between  different  regions  of  the  solar  system.  Collisions 
between  planetesimals  were  at  low  velocities,  more  like 
automobile  crashes  than  the  hypervelocity  impacts  that  form 
craters  on  the  Moon  and  planets  today.  Embryos  formed  in  this 
way  are  called  "runaway  embryos,"  because  in  each  local  zone  of 
the  nebula  a  single  body  grew  more  rapidly  than  its  neighbors 
within  the  zone.  Before  its  growth  became  complete,  it  also 
incorporated  most  of  these  neighbors  as  well.  Eventually  the 
growth  of  these  runaway  embryos  slowed  down  as  they  began  to 
be  gravitationally  perturbed  to  higher  velocities  by  one  another. 

In  the  second,  final  stage,  the  embryos  collided  with  each  other 
to  form  the  observed  planets.  This  longer  stage  lasted  about  108 
years  in  the  region  of  the  present  terrestrial  planets.  Gradually,  the 
embryos  accelerated  one  another  into  orbits  spanning  a  major 
fraction  of  the  terrestrial  planet  region.  This  produced  widespread 
mixing  of  material  between  planets,  as  well  as  "giant  impacts" 
believed  to  be  responsible,  for  example,  for  ejecting  from  the  Earth 
the  material  forming  the  Moon,  and  for  stripping  Mercury  of  its 
mantle,  the  outer  layers  of  silicate  rock  surrounding  its  iron  core. 

There  is  much  to  be  done  before  all  aspects  of  the  growth  of  the 
terrestrial  planets  during  these  two  stages  can  be  considered  well 
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SEMIMAJOR  AXIS  (A.U.) 

Fig.  1 .  Calculated  initial  mass  and  closest  distance  to  the  Sun  (semimajor 
axis  of  body's  orbit)  of  runaway  bodies  in  the  terrestrial  planet  and  asteroid 
regions.  The  smaller  bodies  have  masses  similar  to  that  of  the  present 
Moon  (0.07  x  1027  g),  whereas  the  largest  bodies  have  masses  about  that  of 
Mars  (0.6  x  1027  g).  The  asteroid  region  is  between  2.2  and  3.5  A.U.  (1 
nomical  unit  A.U.  =  -1.5  x  lO^km,  tr 


astronomical 


the  Earth's  distance  from  the  Sun. 


understood.  Nevertheless,  the  theoretical  framework  seems  to  be 
well-enough  developed  to  be  taken  seriously,  and  to  merit  looking 
into  possible  problems  that  could  result  from  its  premature 
acceptance. 

One  problem  of  this  kind  is  the  peculiar  nature  of  the  asteroid 
belt,  the  vast,  nearly  empty  region  between  the  orbits  of  Mars  and 
Jupiter.  It  is  not  very  reasonable,  nor  is  there  any  theoretical  basis 
to  suppose,  that  the  solar  nebula  had  such  a  hole  in  it  before  the 
planets  started  to  form.  But  if  the  asteroid  belt  originally  had  its 
fair  share  of  matter,  a  problem  arises  in  the  rapid  formation  of 
runaway  embryos.  These  would  have  grown  somewhat  slower  in 
the  asteroid  belt  than  in  inner  regions,  but  they  should  still  have 
been  completely  formed  within  less  than  106  years.  Moreover,  the 
embryos  in  the  asteroid  belt  should  have  been  large,  up  to  the  size 
of  the  present  planet  Mars  (Fig.  1).  When  the  orbital  evolution  of 
an  assemblage  of  such  asteroid  embryos  is  calculated  using  the 
same  techniques  used  in  the  terrestrial  planet  region,  one  finds 
what  might  be  expected:  the  asteroidal  embryos  grow  into 


48 


CARNEGIE  INSTITUTION 


Earth-sized  planets  right  in  the  middle  of  the  asteroid  belt,  totally 
contrary  to  observation  today  (Fig.  2). 

The  traditional  proposed  solution  to  this  problem  is  to  suggest 
that  somehow  or  other  Jupiter  solved  it  for  us.  I  have  studied 
quantitatively  several  such  hypotheses,  and  at  best  have  had  only 
moderate  success  in  obtaining  results  that  agree  with  observations. 
The  traditional  approach  is  generally  to  hypothesize  that,  in  one  of 
several  conceivable  ways,  Jupiter  prevented  the  runaways  from 
occurring  in  the  asteroid  belt,  and  the  size  of  the  bodies  in  the 
asteroid  belt  was  therefore  limited  to  about  that  of  the  largest 
observed  asteroids,  less  than  0.1%  the  mass  of  the  Earth. 
Subsequently,  again  presumably  because  of  Jupiter,  the  asteroids 
were  accelerated  to  their  present  relative  velocities  of  about  5 
km /sec,  causing  them  to  collide  at  high  velocities  and  thereby 
grind  99.9  percent  of  the  asteroidal  mass  to  dust,  which  was  then 
removed  by  well-understood  mechanisms,  such  as  the 
Poynting-Robertson  effect.  Perhaps  the  biggest  problem  that 
models  of  this  kind  must  solve  is  the  need  to  grow  Jupiter  soon 
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Fig.  2.  Combined  results  of  33  simulations  showing  the  formation  of  massive 
planets  in  the  asteroid  belt  when  the  initial  swarm  is  extended  to  include 
embryos  in  that  region.  On  the  average,  about  one  of  them  is  usually  a  large, 
Earth-mass  (0.6  x  1028  g)  planet  beyond  the  orbit  of  the  present  planet  Mars 
(1.5  A.U.).  The  different  symbols  represent  variations  in  the  assumed 
parameters  used  in  the  simulations,  to  which  the  final  result  is  insensitive. 
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enough  to  prevent  asteroidal  runaways,  and  it  is  not  at  all  clear 
that  this  is  possible.  Hypotheses  of  this  traditional  kind  should  not 
be  considered  far-fetched,  and  may  turn  out  to  be  the  basis  of  a 
valid  solution  to  the  problem,  even  though  I  would  guess  they 
won't. 

A  few  months  ago,  I  decided  to  "grasp  the  thistle  by  the  thorn" 
and  carry  out  computer  simulations  of  the  alternative  where  large 
runaway  embryos  were  simply  permitted  to  form  in  the  asteroid 
belt  well  before  the  formation  of  Jupiter  and  Saturn.  After  the 
runaways  were  completely  formed  and  had  began  to  perturb  the 
orbits  of  each  other,  I  assumed  that  Jupiter  formed  in  a  fairly 
leisurely  way,  after  five  million  years,  and  Saturn  after  ten  million 
years.  In  the  simulation,  the  formation  of  these  planets  has  two 
principal  effects  on  the  bodies  in  the  asteroid  belt: 

(1)  Any  body  that  strays  far  enough  from  the  Sun  to  come 
within  about  0.7  A.U.  of  Jupiter's  orbit  at  5.2  A.U.,  is  perturbed  by 
the  giant  planet  and  expelled  from  the  solar  system  quickly,  in 
about  105  years. 

(2)  A  system  of  relatively  narrow  "resonances"  develops  in  the 
asteroid  belt.  According  to  Kepler's  laws,  the  orbital  period  of 
bodies  orbiting  the  Sun  increases  with  distance  from  the  Sun.  As  a 
result,  there  are  positions  in  the  asteroid  belt  for  which  the  orbital 
period  of  the  asteroid  is  a  simple  rational  fraction  of  the  period  of 
Jupiter  (1/2,  3/7,  2/5, 1/3).  These  cause  repeated  synchronous 
gravitational  perturbations  of  asteroidal  orbits.  In  the  present 
asteroid  belt  the  positions  of  these  resonances  are  clearly  marked 
by  the  "Kirkwood  gaps,"  in  which  few  asteroids  are  observed  (Fig. 
3).  In  1983  Jack  Wisdom,  now  at  M.I.T.,  showed  that  the  1  /3 
resonance  at  2.5  A.U.  is  a  chaotic  zone;  bodies  placed  in  its  vicinity 
will  be  accelerated  to  orbits  of  sufficiently  high  eccentricity  to 
ultimately  cause  them  to  leave  the  solar  system.  Much  of  my  effort 
during  the  last  decade  has  been  devoted  to  the  development  of  a 
quantitative  theory  in  which  chaotic  effects  of  this  1/3  resonance, 
and  the  effects  of  a  different  type  of  resonance,  the  so-called  "v6 
secular  resonance,"  are  at  present  responsible  for  delivering  to  the 
region  of  the  Earth  the  observed  flux  of  meteorites  and 
crater-forming  Earth-approaching  asteroids. 

In  my  computer-model  simulations,  prior  to  the  formation  of 
Jupiter  the  runaway  embryos  in  the  asteroid  belt  merely  perturb 
one  another  somewhat  and  occasionally  collide,  producing  larger 
bodies.  After  Jupiter  forms,  the  situation  changes.  The  mutual 
perturbations  between  the  embryos  then  cause  embryos  to  be 
perturbed  into  the  resonance  regions  attributable  to  Jupiter.  Use  of 
an  assumed  model  for  chaotic  zones  associated  with  these 
resonances  then  leads  to  a  chaotic  random  walk  to  higher 
velocities  and  more-eccentric  orbits,  until  perturbation  by  another 


SEMIMAJOR  AXIS  (A.U.) 
Fig.  3.  Number  of  presently  observed  larger  asteroids  as  a  function  of 
distance  from  the  Sun  (semimajor  axis).  Gaps  in  which  few  asteroids  are 
found  are  seen  in  the  vicinity  of  the  commensurability  resonance 
positions  (Kirkwood  gaps,  indicated  on  the  abscissa  as  1/2,  3/7,  2/5, 1/3). 


embryo  temporarily  removes  each  body  from  the  resonance, 
leaving  it  with  the  eccentricity  it  had  at  the  time  of  its  removal. 

As  a  result  of  this  interplay  between  mutual  and  resonant 
perturbations,  the  eccentricities  of  the  embryos  gradually  build  up, 
and  within  about  108  years  nearly  all  the  embryos  are  removed 
from  the  asteroid  belt;  after  about  3  x  108  years,  no  further 
evolution  occurs.  In  some  cases  the  high  eccentricities  cause 
embryos  to  become  close  to  Jupiter,  which  then  perturbs  them  into 
hyperbolic  orbits  in  which  they  leave  the  solar  system  for 
interstellar  space.  In  other  cases,  the  embryos  penetrate  into  the 
terrestrial  planet  region,  where  they  either  collide  with  a  growing 
embryo  and  thereby  become  part  of  a  planet  or  are  perturbed  by 
another  embryo  to  the  vicinity  of  Jupiter,  followed  again  by 
ejection  into  interstellar  space.  As  a  result  of  these  processes,  the 
asteroid  belt  is  greatly  depleted  of  material,  whereas  material  is 
added  to  the  terrestrial  planet  region,  safely  inside  the  stronger 
resonance  zones. 

The  results  of  66  computer  simulations  of  these  processes  are 
shown  in  Figure  4.  For  each  simulation,  the  calculation  is 
terminated  when  all  the  remaining  bodies  are  in  stable  orbits,  and 
thus  can  be  considered  the  final  planets  resulting  from  that 
particular  simulation.  The  semimajor  axis  of  each  final  planet's 
orbit  is  indicated  on  the  abscissa,  and  the  mass  of  the  planet  on  the 
ordinate.  Because  the  results  of  66  simulations  have  been 
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SEMIMAJOR  AXIS  (A.U.) 
Fig.  4.  Combined  results  of  66  simulations  in  which  the  effects  of  perturbations 
by  Jupiter  and  Jupiter's  commensurability  resonances  are  included.  Again, 
about  four  planets  are  formed  during  each  simulation.  Now,  however,  the  final 
planets  are  concentrated  in  the  region  of  the  observed  terrestrial  planets.  Only 
in  about  one-third  of  the  simulations  is  a  planetary  body  found  in  the  present 
asteroid  belt.  (The  different  symbols  represent  variations  in  the  assumed 
parameters  used  in  the  simulation,  to  which  the  final  result  is  insensitive.) 


combined,  an  estimate  of  the  frequency  with  which  a  final  planet  is 
expected  in  a  given  region  of  this  diagram  can  be  obtained  by 
dividing  the  number  of  points  in  that  region  by  66. 

The  first  thing  that  should  be  noticed  is  the  paucity  of  final 
bodies  in  the  asteroid  belt  between  2.2  and  3.3  A.U.,  in  contrast  to 
the  results  shown  in  Figure  2.  Only  in  about  one-half  of  the 
simulations  is  a  final  planet  found  in  this  region,  and  when  there  is 
one,  it  is  usually  small.  Thus  if  these  simulations  are  thought  of  as 
corresponding  to  a  variety  of  possible  planetary  systems,  one 
should  not  be  surprised  often  to  find  a  small  planet  in  some 
asteroid  belts,  but  this  is  by  no  means  required  by  the  theory. 

Almost  all  the  final  planets  are  found  in  the  terrestrial  planet 
region,  between  0.3  and  1.6  A.U.  On  the  average,  four  planets 
occur  in  this  region.  Usually,  about  one  has  a  mass  5-7  x  1027  g, 
similar  to  the  6  x  1027  g  mass  of  Earth.  Its  location  is  within  0.3 
A.U.  of  that  of  Earth.  Usually  a  second,  only  slightly  smaller  body 
is  found  near  present  Earth,  whereas  much-smaller  bodies  tend  to 
cluster  near  the  edges  of  the  present  terrestrial  planet  region.  The 
small  bodies  found  near  the  position  of  Mercury,  at  0.4  A.U.,  are 
usually  collisionally  fragmented  bodies,  in  accordance  with  my 
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earlier  proposed  explanation  of  the  high  density  of  Mercury: 
Mercury's  silicate  mantle  was  mostly  removed  by  a  giant  impact, 
leaving  behind  a  planet  in  which  most  of  the  mass  consists  of  a 
dense  metallic  core,  consisting  principally  of  iron. 

These  simulated  "planets"  do  not  exactly  match  those 
observed.  For  example,  the  planet  at  about  the  position  of  Mars 
tends  to  be  about  three  times  as  large  as  the  observed  real  planet.  A 
similar  problem  was  found  in  my  earlier  simulations  where 
embryos  were  initially  assumed  to  be  confined  to  a  narrow  region 
of  the  terrestrial  planet  region.  Obviously,  there  is  room  for 
improvement  in  this  work,  but  it  is  encouraging  that  such  a  radical 
change  in  the  assumed  initial  distribution  has  such  a  little  effect  on 
the  final  result. 

Further  encouragement  is  provided  in  considering  the  material 
seen  to  remain  in  the  asteroid  belt  about  4.2  x  109  years  ago,  after 
nearly  all  of  it  has  been  removed  by  the  combined  effects  of 
perturbations  by  the  commensurability  resonances  and  by  the 
embryos  themselves.  One  finds  that,  in  a  natural  way,  these 
perturbations  cause  the  small  amount  of  matter  left  in  the  asteroid 
belt  to  have  characteristics  similar  to  those  observed  for  the 
present  asteroids. 

To  a  first  approximation,  in  those  half  the  runs  where  no 
embryo  remains  in  the  asteroid  belt,  the  asteroid  belt  is  simply 
empty  at  the  end  of  the  simulation.  Besides  the  embryos,  what 
other  material  might  remain  in  the  actual  asteroid  belt? 

According  to  some  other  calculations  I  have  made,  it  is  likely 
that  the  embryos  started  to  perturb  one  another  to  higher 
velocities  while  a  fraction,  perhaps  ten  percent  or  more,  of  the 
original  planetesimals  had  not  been  incorporated  into  embryos.  If 
so,  these  residual  planetesimals  would  also  have  been  removed  by 
the  same  gravitational  perturbations  that  removed  the  embryos, 
and  their  final  mass  would  also  have  been  reduced  by  about  this 
same  factor  by  gravitational  perturbations  alone.  In  the 
simulations,  the  initial  masses  of  the  embryos  in  the  asteroid  belt 
totaled  about  3000  times  the  mass  of  the  present  asteroid  belt.  The 
corresponding  initial  mass  of  unincorporated  planetesimals  would 
then  have  been  300  times  the  present  asteroidal  mass.  After 
gravitational  reduction  by  a  factor  of  fifty,  the  mass  of 
planetesimals  remaining  would  have  been  only  six  times  the 
present  asteroidal  mass.  The  actual  residual  mass  would  be  even 
smaller,  because  some  of  the  planetesimals  would  be  lost  by 
collisional  fragmentation  during  the  final  stage  of  planetary 
formation  that  ended  about  4.2  billion  years  ago.  In  addition,  some 
of  the  simulations  show  that  some  of  the  embryos  collide  with  one 
another  violently  enough  to  cause  them  to  mutually  fragment. 
Thus  in  actuality,  even  though  all  of  the  large  embryos  would  be 
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removed  gravitationally  together  with  most  of  the  fragments,  bits 
and  pieces  of  embryo  fragments  would  remain  behind. 

Calculations  have  been  made  of  the  expected  final  velocities  of 
residual  planetesimals  and  embryo  fragments.  It  is  found  that 
these  velocities  are  very  similar  to  those  observed  in  the  present 
asteroid  belt.  Thus  this  model  explains  in  a  natural  way  how  the 
asteroids  acquired  their  present  high  velocities,  despite  the  fact 
that  planetary  perturbations  operative  in  the  present  solar  system 
are  not  capable  of  producing  this  result. 

The  residual  asteroidal  material  with  semimajor  axes  less  than 
about  2.55  A.U.  is  the  source  of  the  meteorites  that  strike  the  Earth 
at  the  present  time.  Laboratory  studies  of  these  meteorites  provide 
a  detailed  record  of  physical  and  chemical  processes  during  the 
early  history  of  the  solar  system.  More-detailed  investigation  of 
the  theoretically  expected  quantity  and  nature  of  this  residual 
material  in  the  asteroid  belt  will  permit  further  comparison 
between  theory  and  observation.  If  this  comparison  supports  these 
calculations,  for  the  first  time  it  will  become  possible  to  place 
meteoritic  data  in  a  planetological  context  that  integrates  it  with  a 
model  of  terrestrial  planet  formation. 

Initial  Differentiation  of  the  Earth 

In  the  model  of  terrestrial  planetary  formation  described 
above,  as  well  as  in  those  I  have  presented  earlier,  the  formation  of 
the  planets  is  characterized  by  "giant  impacts/'  In  the  case  of  the 
Earth,  it  can  be  expected  that  our  planet  was  struck  at  high 
velocity  by  a  body  of  mass  up  to  twice  that  of  the  present  planet 
Mars,  and  struck  many  times  by  bodies  ranging  in  mass  from  that 
of  the  Moon  to  that  of  Mercury.  Much  of  the  vast  kinetic  energy 
associated  with  these  massive  collisions  would  have  been 
expended  in  heating  the  interior  of  the  planet.  Theoretical 
calculations  thus  predict  that  the  Earth  should  be  largely  molten 
well  before  it  completes  its  growth.  Under  these  circumstances, 
continuing  differentiation  of  the  Earth  into  a  heavy  metallic  core 
and  a  less-dense,  liquid  silicate  mantle  would  take  place  as  the 
Earth  grew  in  size.  At  the  present  time,  the  silicate  mantle  is 
essentially  entirely  solid,  so  it  must  have  crystallized  during  the 
Earth's  history.  As  the  silicate  liquid  crystallized,  the  various  trace 
elements  would  have  been  distributed  according  to  established 
geochemical  theories  of  fractional  crystallization. 

For  some  time,  most  geochemists  have  argued  that  the 
available  evidence  from  the  mantle  is  not  in  agreement  with  an 
initially  molten  Earth.  If  they  are  correct,  it  would  represent  a 
serious  problem  with  the  models  of  terrestrial  planet  formation  I 
have  presented.  Their  evidence  is  that  the  mantle  contains  an 
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excess  of  several  strongly  "siderophile"  elements  (elements  with 
an  affinity  for  Fe-metal),  which  should  have  gone  into  the  metallic 
core  of  the  Earth  in  an  equilibrium  process  of  core-mantle 
differentiation  such  as  would  occur  in  a  molten  Earth.  Moreover, 
the  mantle  exhibits  nearly  primordial  cosmic  ratios  of  a  number  of 
siderophile  and  "lithophile"  trace  elements  (elements  with  affinity 
to  silicate  minerals),  e.g.  Au/Ir,  and  Co/Ni,  Sm/Hf,  Sc/Sm.  These 
ratios  are  in  agreement  with  those  found  in  the  most  primitive 
meteorites  and  in  the  Sun.  It  is  difficult  to  understand  how  these 
ratios  can  persist  in  the  mantle,  because  the  laboratory  data  on  the 
partitioning  of  these  elements  indicate  that  significant 
fractionations  should  have  occurred  during  magma  migration 
accompanying  the  crystallization  of  the  mantle.  This  would  tend  to 
erase  the  primordial  distribution  of  the  starting  material. 

In  a  recent  article  in  Science,  DTM  visiting  scientist  V.  Rama 
Murthy  of  the  University  of  Minnesota  has  pointed  out  that  the 
arguments  mentioned  above  have  overlooked  an  important  point 
concerning  the  behavior  of  trace  element  partitioning.  In  a  molten 
planet  the  size  of  the  Earth,  the  effect  of  pressure  increases  the 
melting  points  of  metal  and  silicates  significantly,  so  that  a 
substantial  fraction  of  the  mass  of  the  Earth  would  be  at  very  high 
temperatures  (2500^1500  K).  Trace  element  distribution  between 
phases  would  then  be  governed  by  partition  coefficients  applicable 
to  these  high  temperatures  at  which  the  equilibria  were 
established,  and  not  by  the  low-temperature  (-1600  K)  partition 
coefficients  measured  in  the  laboratory.  Since  partition  coefficients 
change  exponentially  with  temperature,  the  low-temperature 
laboratory  data  that  have  been  used  so  far  would  not  necessarily 
have  any  direct  relevance  in  understanding  high-temperature 
differentiation  in  the  Earth. 

Although  it  is  not  easy  to  estimate  high-temperature  partition 
coefficients  by  extrapolation  of  laboratory  data,  such  estimates  are 
probably  more  appropriate  for  description  of  terrestrial 
fractionation  than  simple  use  of  laboratory  data.  It  is  also  difficult 
to  determine  the  temperatures  relevant  to  equilibrium,  for  example 
that  between  the  core  and  mantle.  Murthy  estimated  an 
approximate  temperature  of  3000-3500  K  during  the  accretion 
process  between  the  time  the  Earth  first  melted  and  the  time  at 
which  it  reached  its  final  mass.  The  resulting  distribution  of  the 
siderophile  elements  in  a  core-mantle  differentiation  at  these 
temperatures  is  shown  in  Figure  5,  which  compares  the  observed 
abundance  pattern  of  the  siderophile  elements  in  the  mantle  with 
those  calculated  using  simple,  possibly  simplistic,  estimates  of  the 
high- temperature  partition  coefficients.  In  contrast  to  the  poor 
match  between  the  observed  abundances  and  the  abundances 
derived  with  the  low-temperature  partition  coefficients  (-1600  K), 
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Fig.  5.  Calculated  mantle  abundance  in  siderophile  elements  (expressed 
as  depletion  from  corrected  primordial  solar  system  values;  see  Murthy, 
1991)  following  core-mantle  differentiation  at  1600  K,  3000  K,  and  3500 
K,  in  comparison  with  the  observed  mantle  pattern,  shown  as  "high" 
and  "low"  measured  values.  (The  elements  are  ordered  on  the  abscissa 
in  accordance  with  their  increasing  siderophile  behavior.) 

also  shown  in  Figure  5,  the  high-temperature  differentiation 
matches  the  observed  abundance  pattern  for  several  elements. 
Thus  it  appears  that  the  25-year-old  paradox  of  the  excess 
siderophile  elements  in  the  mantle  may  be  resolved  by  a 
high- temperature  core-mantle  segregation  in  an  initially  molten 
Earth.  From  this  point  of  view,  the  so-called  "excess"  siderophile 
elements  in  the  mantle  are  an  artifact  of  the  use  of  low- 
temperature  partition  coefficients  to  describe  a  high-temperature 
differentiation  process  in  the  Earth. 

The  mantle  abundances  of  these  siderophile  elements  are  not 
only  governed  by  the  core-forming  event,  but  also  by  processes 
during  the  cooling  and  crystallization  of  the  liquid  silicate  mantle 
after  core  formation.  As  mentioned  earlier,  the  mantle  exhibits 
nearly  cosmic  ratios  between  individual  pairs  of  siderophile 
elements  such  as  Co/Ni  and  Re/Ir.  Such  ratios  cannot  be  produced 
by  the  core-forming  event  even  under  the  high- temperature  model 
assumed  here.  These  ratios  seem  to  be  unique  to  the  Earth  and  are 
not  observed  in  other  differentiated  planetary  bodies  such  as  the 
Moon  and  Mars.  So  it  seems  reasonable  to  think  that  a  uniquely 
terrestrial  process  must  be  responsible. 

One  such  possible  process  is  the  floating  of  solid  olivine 
crystals  during  the  crystallization  of  a  global  liquid  mantle 
"magma  ocean"  after  core  formation,  as  proposed  by  C.  Agee  and 
D.  Walker  of  Columbia  University.  This  phenomenon  is  likely  to  be 
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unique  to  the  Earth  because  only  an  Earth-sized  planet  could  meet 
the  pressure-density  relations  required  for  the  unusual 
circumstance  where  a  dense  solid  mineral  like  olivine  floats  in  a 
liquid  of  similar  composition.  Such  a  phenomenon  would  be 
negligible  or  non-existent  in  planetary  bodies  which  are  a  tenth  to 
hundredth  of  the  Earth's  mass,  like  Mars  or  the  Moon.  This 
concentration  of  mantle  olivine  would  tend  to  enrich  the  upper 
mantle  in  Ni  over  Co  and  Ir  over  Au. 

A  second  possibility  is  that  core  segregation  occurred  in  a 
liquid  mantle  having  a  small  percentage  of  solid  silicate  crystals. 
This  would  effectively  change  the  characteristics  of  trace  element 
distribution.  For  the  amount  of  olivine  fractionation  suggested  by 
Agee  and  Walker,  and  for  about  5%  of  solid  silicates  in  the  mostly 
liquid  mantle,  Murthy  finds  that  the  resulting  mantle  will  exhibit 
the  observed  ratios  of  Co/Ni,  Au/Ir,  and  Re/Ir.  As  an  illustration, 
this  is  shown  in  Figure  6  for  an  effective  core-mantle  equilibration 
at  3000  K. 

Thus  it  appears  that  the  combined  effect  of  a  core-mantle 
differentiation  in  a  molten  Earth  at  near-liquidus  temperatures  of 
the  mantle  silicates,  followed  by  olivine  fractionation  during  the 
solidification  of  a  mantle  magma  ocean,  can  account  for  the  overall 
observed  abundance  pattern  of  the  mantle  siderophile  elements 
and  their  nearly  primordial  ratios. 

In  addition  to  understanding  the  mantle  siderophile  element 
concentrations,  it  is  also  necessary  that  crystallization  of  a  molten 
Earth  be  consistent  with  the  observed  partition  of  lithophile 
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Fig.  6.  The  calculated  mantle  siderophile  element  abundance  pattern  for 
core  differentiation  at  3000  K  in  a  liquid  mantle  containing  5%  solid  silicates 
and  with  a  subsequent  fractionation  of  30%  olivine  to  the  upper  mantle. 
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Fig.  7.  The  calculated  ratios  (solid  circles)  of  some  critical  lithophile 
elements  in  the  mantle  as  a  consequence  of  theoretical  fractionation  of 
27%  Mg-perovskite  during  the  solidification  of  a  mantle  magma  ocean, 
as  suggested  by  Agee  and  Walker.  Error  bars  at  50%  for  the  calculated 
values  reflect  the  uncertainties  in  the  measured  partition  coefficients. 
The  starred  ratios  have  been  used  as  evidence  against  the  magma  ocean 
concept.  The  dark  heavy  band  at  the  left  of  the  diagram  shows  the  range 
of  Hf /Lu  permitted  by  the  isotopic  data  of  a  4.2-billion-year-old  zircon. 
(Open  circles  are  observed  mantle  values.) 


elements. 

In  an  initially  molten  Earth,  after  core  segregation  the  liquid 
mantle  would  have  to  solidify  by  crystallization  of  silicate 
minerals  stable  at  the  various  pressure  and  temperature 
environments  in  the  Earth's  interior.  Laboratory  high-pressure 
phase  equilibrium  measurements  for  compositions  appropriate  to 
the  mantle  indicate  that  in  the  deeper  parts  of  the  mantle  the 
dominant  phase  is  Mg-perovskite,  which  would  crystallize  first 
and  settle  to  the  lower  parts  of  the  mantle.  The  remaining  residual 
liquid  forming  the  bulk  of  the  upper  mantle  should  bear  an 
imprint  of  this  fractional  crystallization.  Based  on  the  observed 
abundances  of  some  lithophile  elements,  and  in  particular  on  the 
near-cosmic  ratios  of  Sc/Sm,  Hf/Lu,  and  Sm/Hf,  it  has  been 
argued  that  there  is  no  evidence  for  such  a  process  and  therefore 
that  the  idea  of  a  molten  mantle  is  untenable.  Laboratory  data  for 
the  partitioning  behavior  of  these  elements  between  Mg-perovskite 
and  residual  liquid  are  now  available,  although  the  data  are 
somewhat  imprecise.  Large-scale  melting  of  the  mantle  by  a  giant 
impact  is  likely  to  have  occurred  when  the  Earth  was  close  to  its 
final  mass,  and  the  perovskite  fractionation  would  then  have 
occurred  at  temperatures  at  about  4000  K.  For  about  27% 
perovskite  fractionation — that  required  by  Agee  and  Walker  from 
mass  balance  considerations — Figure  7  shows  the  expected 
lithophile  trace  element  ratios  in  the  mantle  and  compares  them 
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with  the  observed  mantle  ratios.  The  lithophile  element  ratios  that 
result  from  this  perovskite  fractionation  match  the  mantle  data 
well,  especially  when  the  uncertainty  in  the  measured  partition 
coefficients,  of  the  order  of  50%,  is  considered. 

In  conclusion,  it  seems  that  the  presently  available  geochemical 
data  on  the  siderophile  elements  in  the  mantle  after  core 
formation,  and  some  critical  lithophile  elemental  ratios  in  the 
mantle  as  it  solidified  from  a  global  magma  ocean,  are  perhaps 
consistent  with  the  notion  of  an  initially  molten  Earth  as  required 
by  recent  accumulation  models.  The  debate  which  has  engaged 
earth  scientists  for  almost  half  a  century,  whether  the  Earth  was 
molten  at  birth  or  accreted  cold  and  partially  melted  later,  could 
soon  be  concluded  in  favor  of  the  former  alternative,  to  which  both 
theory  and  observational  data  seem  to  lead.  The  idea  that  trace 
element  fractionation  in  a  planetary  body  is  characteristic  of  its 
size-dependent  internal  temperature  is  also  likely  to  prove 
important  in  understanding  the  early  differentiation  and  evolution 
of  planetary  bodies  other  than  the  Earth. 

— George  W.  Wetherill 
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The  Re-Os  Isotopic  System:  New  Applications  in 
Geochemistry  at  DTM 

by  Steven  B.  Shirey  and  Richard  W.  Carlson 

Less  than  ten  years  after  Becquerel's  discovery  of  radioactivity 
in  1896,  Rutherford  and  Boltwood  independently  proposed  the 
use  of  naturally  occurring  radioactive  elements  to  determine  the 
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absolute  ages  of  minerals.  What  began  as  a  simple  idea — to  use  the 
constancy  of  nuclear  processes  as  natural  timepieces — has 
developed  into  a  large  array  of  applications  where  radioactivity 
and  natural  isotopic  variations  are  used  in  the  study  of  geologic 
processes.  Radiogenic-isotope  chemistry  has  profoundly  affected 
the  earth  sciences,  having  contributed  major  details  to  our 
understanding  of  solar  system  and  planetary  formation,  the 
Earth's  atmosphere  and  atmospheres  of  other  planets,  oceanic  and 
atmospheric  circulation,  paleoclimatic  change,  plate  tectonics,  and 
crustal  structure  and  evolution. 

The  Re-Os  isotopic  system,  based  on  the  radioactive  decay  of 
187Re  to  187Os,  is  one  of  the  newest  tools  available  to  geochemists 
studying  the  solid  Earth  and  its  evolution  through  time.  DTM  staff 
members  Louis  Brown,  Richard  Carlson,  and  Steven  Shirey, 
working  with  past  and  present  postdoctoral  fellows  David 
Lambert  (now  at  Monash  University),  Candace  Martin,  Graham 
Pearson,  and  Richard  Walker  (now  at  the  University  of  Maryland, 
College  Park)  are  developing  analytical  procedures  and  scientific 
applications  using  this  isotopic  system  at  DTM. 

Their  efforts  follow  a  long-standing  tradition  at  DTM.  In  the 
mid-1950s,  the  mineral-age  group  at  DTM  and  the  Geophysical 
Lab — staff  members  L.  T.  Aldrich,  Gordon  Davis,  Stanley  Hart, 
George  Tilton,  and  George  Wetherill,  with  their  postdoctoral 
fellows — pioneered  in  the  development  of  techniques  for  the 
radiometric  dating  of  commonly  occurring  rocks  and  minerals 
using  the  decays  of  Rb  to  Sr,  U  and  Th  to  Pb,  and  K  to  Ar.  In  the 
1980s,  Louis  Brown,  Fouad  Tera,  Julie  Morris,  and  co-workers 
developed  the  use  of  the  cosmogenic  isotope  10Be  to  study 
sediment  recycling  and  fluid  flow  in  subduction  zones. 

Compared  to  the  now-routine  analyses  of  other  radiogenic 
isotopic  systems,  the  Re-Os  system  presents  a  difficult  challenge.  It 
requires  accurate  analyses  of  Re  and  Os  in  parts-per-billion  (10~9 
g/g)  to  parts-per-trillion  (10~12  g/g)  abundances  in  rocks.  Both  Re 
and  Os  are  refractory  and  have  high  ionization  potentials  that  lead 
to  difficulties  in  generating  a  measurable  signal  in  a  mass 
spectrometer,  the  instrument  used  for  isotopic  analysis. 
Furthermore,  the  chemical  behavior  of  Re  and  Os  in  the  laboratory 
is  complex,  leading  to  numerous  problems  in  achieving  the 
billion-fold  (or  more)  preconcentration  that  is  necessary  to  analyze 
Re  and  Os  extracted  from  rocks.  Analyses  at  these  low  levels 
require  researchers  to  work  at  the  limit  of  sensitivity  of  their 
instruments. 

At  DTM,  this  push  for  high  sensitivity  led  to  a  mid-project 
change  in  the  method  for  making  Re  and  Os  isotopic 
measurements.  Early  in  the  Re-Os  project,  realizing  the  need  to 
work  at  the  limit  of  sensitivity  for  Re  and  Os  analyses,  Brown, 
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Fig.  1 .  A  comparison  of  the  analytical  precision  of  the  resonance  ionization 
and  negative  thermal  ionization  techniques  in  the  mass  spectrometric 
measurement  of  Os  isotopic  composition.  This  improvement  in  analytical 
capability  has  made  much  of  the  recent  work  on  Re-Os  isotopic  variations 
possible.  Error  bars  show  the  uncertainty  for  each  measurement.  Note 
their  much  smaller  size  with  the  negative  thermal  ionization  method. 


Carlson,  and  Shirey  obtained  Carnegie  Institution  and  National 
Science  Foundation  support  to  begin  construction  of  a 
multicollector  laser  resonance  ionization  mass  spectrometer 
(RIMS).  The  enterprise  drew  on  the  talents  of  DTM  instrument 
makers  Nelson  McWhorter  and  Georg  Bartels  and  electronic 
technicians  John  Emler  and  Ben  Pandit.  The  instrument,  completed 
in  1989,  has  an  ion  source  that  employs  pulsed  ultraviolet  laser 
light  to  ionize  Re  and  Os  evaporated  from  a  hot  filament,  and  a 
collector  that  employs  a  high-voltage  lens  and  multiple-ion 
multipliers.  The  resonance  ionization  process  has  extremely  high 
sensitivity  for  Re  and  Os  but  is  limited  chiefly  by  the  duration  and 
spacing  of  the  laser  pulses.  Thus  the  RIMS  technique  can  only  be  as 
good  as  the  available  laser  technology.  The  RIMS  instrument  was 
just  beginning  to  produce  routine  data  when  the  DTM  workers 
learned  of  an  even  more  sensitive  technique  for  Re  and  Os 
work — negative  thermal  ionization  (NTIMS),  developed  by  Rob 
Creaser  and  colleagues  at  Caltech.  The  NTIMS  technique  is  more 
sensitive  than  RIMS  because  Re  and  Os  produce  negative  ions 
more  efficiently  than  positive  ions,  and  also  because  it  is  possible 
to  produce  a  sizable  continuous  signal  rather  than  one  fixed  to  the 
short-duration  pulses  of  the  laser.  A  simple  experiment  verified  the 
sensitivity  of  NTIMS,  and  one  of  the  other  existing  mass 
spectrometers  at  DTM  was  converted  quickly  to  make  Re  and  Os 
isotopic  measurements  by  this  method.  The  dramatic  improvement 
in  precision  and  accuracy  of  the  NTIMS  technique  over  the  RIMS 
technique  is  shown  in  Figure  1.  Although  the  effort  on  the  RIMS 
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technique  might  seem  wasted,  it  allowed  the  working  out  of 
chemical  separation  procedures  for  Re  and  Os  and  prepared  the 
group  at  DTM  to  take  immediate  advantage  of  the  NTIMS 
technique. 

Some  Unique  Properties  and  Applications  of  the  Re-Os  System 

The  long  half-life  of  the  187Re-187Os  decay  (43.  5  billion  years) 
makes  the  Re-Os  isotopic  system  suited  to  problems  in  the 
chronology  of  lunar  rocks,  meteorites,  and  terrestrial  rocks  ranging 
in  age  from  many  million  to  a  few  billion  years.  A  more  involved 
but  equally  fundamental  approach  has  been  to  use  the  Re-Os  decay 
scheme  to  trace  the  long-term  chemical  changes  that  occurred  in 
the  sources  of  igneous  rocks  as  they  were  melted  and  remelted  in 
the  tectonically  active  Earth. 

One  aspect  of  the  Re-Os  system  that  sets  it  apart  from  the  other 
long-lived  isotope  systems  commonly  used  in  geochemistry  (such 
as  Sm-Nd,  Rb-Sr,  and  U-Th-Pb)  is  the  behavior  of  the  parent  (Re) 
and  daughter  (Os)  element  during  geologic  processes.  Both  Re  and 
Os  behave  as  siderophile  ("iron-loving")  elements,  whereas  the 
elements  of  the  other  long-lived  radiometric  systems  behave  as 
lithophile  ("rock-loving")  elements.  Therefore,  most  of  the  Earth's 
original  budget  of  Re  and  Os  resides  in  the  core,  whereas  the  bulk 
of  the  other  long-lived  radioactive  isotopes  resides  in  the  silicate 
mantle  and  crust. 

Another  distinctive  feature  is  that  during  partial  melting  in  the 
mantle,  Os  remains  in  the  solid  residue  left  after  melting  whereas 
Re,  like  the  elements  of  all  the  other  isotopic  systems,  prefers  to  go 
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Fig.  2.  Comparison  of  the  abundances  of  the  parent 
and  daughter  elements  (in  parts-per-million)  for  the 
Rb-Sr,  Sm-Nd,  and  Re-Os  systems.  The  Rb-Sr,  Sm-Nd, 
and  Re-Os  abundances  for  the  mantle  are  plotted  as 
individual  points,  whereas  the  Rb-Sr,  Sm-Nd,  and 
Re-Os  abundances  of  mafic  (M)  and  ultramafic  (UM) 
crustal  rocks  are  given  as  fields.  Note  the  low 
abundance  of  Re  and  Os  in  the  mantle  and  the  crust 
compared  to  abundances  of  the  other  elements.  Also 
note  the  very  different  Re/Os  ratio  of  the  mantle 
relative  to  mafic  and  ultramafic  rocks,  a  result  of  Re-Os 
fractionation  during  melting  and  crystallization,  in 
contrast  to  the  similar  parent-daughter  ratios  for  the 
Rb-Sr  and  Sm-Nd  systems.  Dashed  lines  represent 
constant  parent-daughter  ratios. 
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into  the  melt.  This  behavior  leads  to  a  unique  response  of  the 
Re-Os  system  to  mantle  melting.  Portions  of  the  mantle  that  have 
been  extensively  melted  become  depleted  in  Re  relative  to  Os  and 
thus  carry  a  distinctive  isotopic  signature  of  the  process.  Fe-  and 
Mg-rich  melts  of  the  mantle,  such  as  basalts,  display  such  extreme 
fractionation  of  Re  from  Os  (Fig.  2)  that  the  Re-Os  system  is  used 
as  a  tracer  for  any  igneous  process  where  basalts  are  suspected  of 
being  recycled  by  remelting.  Comparatively,  fractionation  of  Rb 
from  Sr,  or  Sm  from  Nd,  is  minor  during  melting  (Fig.  2)  so  that, 
for  example,  basaltic  oceanic  crust  does  not  evolve  distinct  Sr  or 
Nd  isotopic  compositions  from  the  mantle  within  time  periods  of 
less  than  billions  of  years.  The  high  Re/Os  associated  with  basaltic 
crust  allows  the  187Os  isotopic  abundance  of  basalts,  or  rocks 
derived  from  them,  to  become  elevated  above  normal  mantle 
compositions  much  more  rapidly. 

These  differences  between  Re-Os  and  other  radiometric 
systems  allow  the  Re-Os  system  to  provide  new  insight  into 
traditional  problems  of  isotope  geochemistry  as  well  as  other 
problems  that  the  more  conventional  systems  cannot  address. 

Constraints  on  the  Formation  of  the  Earth's  Core 

A  surprising  finding  by  the  DTM  and  other  research  groups 
analyzing  Re-Os  isotopes  is  just  how  closely  the  Earth's  convecting 
mantle,  overall,  has  adhered  to  a  growth  curve  following  the 
Re/Os  of  carbonaceous  chondrites  through  time.  Carbonaceous 
chondrites  are  primitive  meteorites  that  have  certain  elemental 
abundances  similar  to  those  of  the  Sun  and,  except  for  the  volatile 
elements  that  are  lost  during  planet  formation,  provide  a 
reasonable  model  composition  from  which  to  form  solid  bodies  of 
the  solar  system,  such  as  the  Earth.  Figure  3  demonstrates  the 
similarity  of  the  mantle's  Os  isotopic  composition  with  time 
relative  to  three  models  of  mantle  growth.  None  of  these  models 
differ  widely  from  chondritic  evolution. 

High-temperature,  primitive  volcanic  flows  known  as 
komatiites  from  Pike  Hill,  Superior  Province  of  Canada  (analyzed 
by  Walker,  Shirey,  and  former  DTM  visiting  scientist  Ole  Stecher), 
and  some  portions  of  the  similar-age  Stillwater  layered  intrusion  of 
Montana  (analyzed  by  Walker,  Lambert,  Carlson,  Shirey,  and 
others)  show  initial  Os  isotopic  compositions  that  are  slightly 
lower  than,  but  within  analytical  uncertainties  of,  the  chondritic  Os 
isotope  evolution  curve  at  this  time.  The  Os  isotopic  results  for 
these  late  Archean  (c.  2.7-billion-year-old)  mantle-derived  rocks 
agree  well  with  the  near-chondritic  Os  isotopic  composition  of 
younger  rocks,  such  as  oceanic  peridotites  and  basalts,  analyzed  by 
Martin  and  other  workers,  that  are  derived  from  the  present-day 
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Fig.  3.  Initial  187Os/186Os  vs.  time  of  formation  for  samples  analyzed  by  the 
DTM  group  and  from  the  literature.  Three  independent  model  growth 
curves  for  the  Earth's  mantle  are  plotted:  (1)  a  curve  derived  from 
osmiridiums  (rare  osmium-iridium  metallic  minerals  that  are  ores  of  Os), 
(2)  a  curve  calculated  from  analyses  for  chondrites,  and  (3)  a  curve  passing 
through  primitive  ocean  island  basalts. 

To  a  first  approximation,  melts  derived  from  the  actively  convecting 
silicate  mantle  of  the  Earth  that  have  not  interacted  substantially  with  the 
continental  crust  or  mantle  lithosphere,  fit  any  of  the  three  growth  curves 
equally  well.  Samples  that  have  interacted  with  the  crust  and  lithosphere, 
however,  deviate  from  these  growth  curves.  Xenoliths  associated  with 
craton  roots,  for  example,  have  the  lowest  initial  187Os/186Os  yet  measured 
because  Re  was  extracted  preferentially  in  ancient  melting  events. 
Upwelling  plumes  and  enriched  portions  of  layered  intrusions  (Gorgona 
komatiites,  Stillwater  L  I)  have  the  highest  187Os/186Os  probably  because 
of  interaction  with  or  incorporation  of  old  basaltic  or  komatiitic 
components,  which  can  be  extremely  high  in  their  187Os/186Os  due  to  their 
long-term  enrichment  of  Re  relative  to  Os.  Rhenium-enriched  plumes  that 
have  interacted  with  Re-depleted  mantle  lithosphere  (Keweenawan 
picrites)  display  a  range  of  compositions  between  these  end  members. 

OIB,  ocean  island  basalts;  MORB,  mid-ocean  ridge  basalts. 


convecting  mantle.  Except  for  rocks  derived  from  unusual  mantle 
sources  that  have  been  previously  modified  by  mantle  melting  or 
magmas  that  have  interacted  with  radiogenic  crust,  the  existing  Os 
isotopic  data  for  mantle-derived  rocks  thus  show  that  the  mantle 
throughout  the  Earth's  evolution  did  not  deviate  from  chondritic 
ratios  of  Re/Os  by  more  than  5%.  This  is  even  more  remarkable 
considering  the  efficiency  with  which  Re  and  Os  were  extracted 
into  the  core  from  the  mantle.  Either  Re  and  Os  had  exactly  the 
same  preference  for  the  metal  of  the  core  over  the  silicate  of  the 
mantle  or  the  Re/Os  of  the  mantle  was  modified  after  formation  of 
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Fig.  4.  Schematic  cross-section  of  the  Earth's  crust  and  upper  mantle  illustrating 
the  differences  between  continental  and  oceanic  regions.  The  crust  plus  the  rigid 
part  of  the  upper  mantle  makes  up  the  "lithosphere."  In  the  oceans,  lithospheric 
mantle  gradually  thickens  beneath  the  thin  crust  as  the  upper  mantle  cools, 
eventually  becoming  thick  and  dense  enough  to  initiate  subduction  of  the 
whole  oceanic  lithosphere.  Young  continental  lithosphere  is  distinguished  from 
oceanic  lithosphere  primarily  by  a  thicker  and  compositionally  distinct  crustal 
section.  The  oldest  sections  of  continents,  the  cratons,  have  crustal  thicknesses 
not  much  greater  than  young  continental  regions,  but  have  thick  sections  of 
stagnant,  cold  mantle  (here  labeled  "continental  lithospheric  mantle"). 


the  core  by  addition  from  meteorites. 

An  explanation  of  the  partitioning  of  siderophile  element 
abundances  between  the  mantle  and  core  recently  has  been 
proposed  by  V.  Rama  Murthy,  a  visiting  scientist  working  at  DTM. 
For  the  model  proposed  by  Murthy,  the  high  temperatures  (2700  °C) 
at  which  the  core  separated  from  the  mantle  explains  the  general 
depletion  in  the  mantle  of  the  highly  siderophile  elements  Ir,  Ru, 
Pt,  Rh,  Au,  Pd,  and  by  inference  Re  and  Os,  relative  to  other 
elements.  But  the  high-temperature  separation  of  metal  from 
silicate  liquid  alone  does  not  produce  the  needed  chondritic 
relative  abundances  of  these  elements.  Murthy  shows  that  this  can 
be  obtained  by  two  additional  processes:  (1)  addition  of  olivine  to 
the  upper  mantle  by  flotation  from  a  magma  ocean  and  (2) 
equilibrium  during  the  metal  separation  of  core  formation 
involving  some  solid  silicate  as  well  as  liquid  silicate. 
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Craton  Formation 

An  important  application  of  the  Re-Os  isotopic  system,  just 
beginning  at  DTM,  is  the  direct  study  of  the  oldest  silica-  and 
alumina-rich  rocks  exposed  at  the  surfaces  of  continental  cratons. 
Cratons  are  the  long-stable  continental  crustal  fragments  found  at 
the  centers  of  the  present  continents  (Fig.  4).  They  were  formed 
more  than  2.5  billion  years  ago.  Exposed  igneous  rocks  and 
metamorphosed  high-silica,  or  "granitic,"  gneisses  are  the  earliest 
differentiated  continental  crust  on  Earth,  as  most  of  them  are 
remelted  crust  probably  originally  of  basaltic  composition.  In  many 
cratons,  the  hypothetical  basaltic  precursor  is  not  exposed. 
Furthermore,  the  usual  radiogenic  isotopic  systems  offer  no  way  to 
resolve  isotopic  differences  resulting  from  recycling  of  basalt 
because  basalts  and  their  parent  mantle  often  have  similar  Rb/Sr, 
Sm/Nd,  and  U/Pb  (e.  g.,  Fig.  2). 

The  goal  in  developing  this  application  of  the  Re-Os  system  is 
to  understand  whether  the  hypothetical  basaltic  crustal  precursors 
of  the  high-Si  cratonic  rocks  were  a  very  young  crust  recycled  in  a 
short  time  (<30  million  years),  a  crust  that  survived  for  longer 
periods  before  being  recycled  (about  200  million  years),  or  a  crust 
of  much  greater  age  (>200  million  years),  perhaps  the  original  crust 
on  Earth.  During  early  earth  history,  the  oceanic  crust  must  have 
been  destroyed  at  a  rapid  rate.  Therefore  being  able  to  put  some 
time  limits  on  recycling  of  the  oceanic  crust  into  the  cratons  could 
provide  insight  into  initial  processes  responsible  for  the  births  of 
stable  cratons,  into  tectonic  styles  of  the  early  Earth,  and  into  the 
escape  from  the  Earth  of  initial  heat  due  to  accretion  and  core 
formation. 

Craton  Structure 

The  Re-Os  isotopic  system  also  is  being  used  to  elucidate  the 
present  vertical  structure  of  continental  cratons  through  studies  of 
fragments  of  the  mantle,  known  as  xenoliths,  carried  to  the  surface 
by  explosive  volcanism.  Most  old,  stable  cratons  of  continental 
crust  on  Earth  are  thought  to  contain  mantle  keels  that  extend  to 
several  hundred  km  depth  (Fig.  4).  Whether  or  not  these 
continental  roots  have  existed  since  the  formation  of  the  overlying 
crust,  and  the  nature  of  the  processes  by  which  they  formed,  are 
important,  unanswered  questions. 

The  relatively  high  abundance  of  Os  in  the  mantle  means  that 
mantle  xenoliths  will  be  largely  insensitive  to  contamination  by 
their  Os-poor  host  lavas.  In  the  other  radiogenic  isotopic  systems, 
such  contamination  completely  overprints  the  original  isotopic 
signatures  of  the  xenoliths.  Furthermore,  because  Re  will  leave  the 
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Fig.  5.  Histogram  of  initial  187Os/186Os  for  mantle  xenoliths, 
oceanic  basalts  from  ridges  and  islands,  oceanic  peridotites, 
and  chondritic  meteorites  (modified  from  the  work  of  Martin). 
Data  are  from  the  literature  and  the  new  work  of  Carlson, 
Martin,  and  colleagues.  Note  the  low  isotopic  composition  of 
subcontinental  mantle  xenoliths  from  both  the  Kaapvaal  and 
Wyoming  cratons,  suggesting  a  long-term  history  of  Re 
depletion  in  the  lithosphere.  The  overlap  between  chondrites 
and  samples  of  the  oceanic,  convecting  mantle  indicates  that 
the  convecting  mantle  does  not  differ  substantially  in 
long-term  Re/Os  from  chondritic  values. 


mantle  residues  as  basaltic  or  komatiitic  melt  is  extracted,  the 
Re-Os  system  will  record  episodes  of  melt  removal  as  a  lowered 
Re/Os  ratio  in  that  portion  of  the  mantle.  If  this  low  Re/Os 
persists  for  timescales  on  the  order  of  billions  of  years,  it  will  result 
in  an  anomalously  low  measured  187Os/186Os,  which  could 
document  the  antiquity  of  that  portion  of  the  mantle. 

A  small  set  of  mantle  xenoliths  derived  from  beneath  the 
3.5-billion-year-old  southern  African  (Kaapvaal)  craton  has  yielded 
Re-Os  model  age  information  on  the  process  and  timing  of  the 
event  that  formed  the  thick  section  of  mantle  making  up  the  lower 
four-fifths  of  the  craton.  Detailed  pressure  and  temperature 
estimates  on  these  xenoliths  from  their  mineral  compositions  by  F. 
R.  Boyd  of  the  Geophysical  Laboratory  has  shown  that  a  xenolith 
suite  with  high  Mg/Fe  was  formed  at  lower  pressures  and 
temperatures  (less  than  1100  °C)  than  another  suite  with 
systematically  lower  Mg/Fe.  The  low-temperature  suite  is  thought 
to  be  typical  of  sub-cratonic  mantle,  whereas  the  high-temperature 
suite  is  more  similar  to  "oceanic''  mantle.  The  high  Mg/Fe  of  the 
low-temperature  xenoliths  indicates  that  they  are  highly  depleted 
in  melt  components,  which  suggests  that  this  part  of  the  mantle  is  a 
residue  left  behind  when  partial  melts  were  extracted  from  it. 
When  using  the  more  commonly  applied  isotopic  systems,  there  is 
overprinting  in  these  samples  by  later  trace  element  additions 
associated  with  melt  migration  within  the  mantle.  The  Os  isotopic 
composition  is  not  sensitive  to  this  process  and  the  significantly 
lower  187Os/186Os  of  the  xenoliths  (solid  squares  in  Fig.  5)  records 
the  long-term  depletion  in  Re  expected  if  these  rocks  indeed  are  the 
residues  of  past  partial  melting  events. 
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With  one  exception,  the  xenoliths  show  a  systematic  increase  in 
the  degree  of  Os  isotopic  depletion  with  increasing  Mg/Fe, 
strongly  supporting  melt  removal  as  the  controlling  effect  on  the 
Re-Os  isotopic  variation  (Fig.  6).  Surprisingly,  the  signature  of 
ancient  Re  depletion  is  not  restricted  to  just  the  low-temperature 
xenoliths.  Even  some  of  the  high-temperature  xenoliths  show 
depleted  Os  isotopic  compositions,  suggesting  that  they  too  must 
have  been  part  of  the  same  cratonic  keel  for  a  long  time.  This  is  an 
important  finding,  for  it  had  been  hypothesized  previously  that  the 
difference  between  the  low-  and  high-temperature  xenoliths 
represented  a  simple  break  between  the  stagnant  continental 
mantle  at  the  base  of  the  craton  and  the  actively  convecting  mantle 
below  it.  Implicit  in  this  hypothesis  was  the  idea  that  the 
lithospheric  mantle  is  as  old  as  the  craton  of  which  it  is  a  part, 
while  the  convecting  mantle  is  continuously  remobilized  by  the 
stirring  caused  by  its  motion.  The  Re-Os  model  ages  for  both  the 
high-  and  low- temperature  samples  imply  that  the  Re  depletion, 
and  by  inference  the  melt  extraction,  occurred  a  minimum  of 
2.0-2.5  billion  years  ago  (Fig.  6).  Given  these  ancient  model  ages,  it 
seems  reasonable  to  assume  that  the  melt-removal  event  recorded 
in  this  section  of  mantle  is  related  to  the  same  melting  that 
produced  the  overlying  ancient  crust  3.0-3.5  billion  years  ago. 

Additional  analyses  of  xenolith  suites  from  the  Kaapvaal  craton 
of  different  compositional  types  and  from  other  cratons  will  help 
answer  new  questions  raised  by  this  xenolith  work.  It  is  important 
to  understand,  for  example,  whether  the  extreme  Re  depletion 
observed  in  the  subcratonic  samples  extends  beyond  the  craton 
into  regions  that  become  reactivated  by  later  tectonic  processes  or 
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Fig.  6.  Mg  number  (Mg/Mg  +  Fe++)  vs.  initial  Os 
isotopic  composition  (represented  as  y0s)  for 
garnet  peridotite  mantle  xenoliths  from  the 
Kaapvaal  craton,  southern  Africa.  The  parameter 
Yos  is  defined  as  the  deviation  in  percent  of  the 
initial  187Os/186Os  of  the  sample  from  that  of  a 
chondritic  reference  at  the  time  of  interest,  in  this 
case  the  time  of  the  volcanic  eruption  carrying  the 
xenoliths.  Negative  values  of  yos  are  low  initial 
187Os/186Os,  reflecting  long-term  history  with  low 
Re/Os,  whereas  positive  values  are  high  initial 
187Os/186Os,  reflecting  long-term  history  with  high 
Re/Os.  Filled  symbols  are  low-temperature 
xenoliths,  open  symbols  are  high-temperature 
xenoliths.  The  correlation  seen  is  best  explained  by 
removal  of  melt  from  the  ancient  lithospheric 
mantle  (see  text).  Labeled  curves  are  model  mantle 
depletion  ages  in  billions  of  years  compared  to 
unmelted  mantle.  Data  are  from  the  work  of 
Walker  and  colleagues  and  Pearson  and  colleagues. 
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whether  this  level  of  depletion  was  unique  to  the  ancient  Earth.  If 
restricted  to  early  earth  history,  the  high  degrees  of  depletion 
might  relate  to  the  high  degrees  of  partial  melting  necessary  to 
produce  the  komatiitic  lavas  that  were  relatively  abundant  in  this 
time  period.  Os  isotopic  work  on  basaltic  xenoliths  (eclogites)  may 
answer  whether  the  high-temperature,  but  still  Re-depleted 
xenoliths  are  just  the  less-depleted  equivalents  of  the 
low-temperature  xenoliths  or  whether  they  represent  ancient 
underplated  oceanic  lithosphere  (as  has  been  suggested  for  the 
eclogites).  If  the  latter  is  true,  it  may  be  an  example  of  a  type  of 
buoyant  subduction,  rare  today  but  perhaps  more  common  in  the 
early  Earth. 

Re-Os  isotopic  analyses  of  xenoliths  from  other  cratons  may 
address  the  uniqueness  of  the  Kaapvaal  craton,  whose  xenoliths 
have  long  been  known  to  be  the  most  depleted  in  basaltic 
components  of  any  yet  analyzed.  Preliminary  Os  isotopic  results 
for  xenoliths  from  the  Wyoming  (Fig.  5)  and  Siberian  cratons  show 
similar  degrees  of  long-term  lowering  of  Re/Os  and  suggest  that 
they  too  were  formed  by  extensive  melt  removal.  If  this  finding 
holds  true  for  other  cratons  as  well,  it  could  lead  to  a  new 
understanding  of  the  processes  by  which  cratons  became  stabilized. 

Craton  Breakup  and  Younger  Magmatism 

Another  way  to  examine  the  structure  of  the  cratons  is  to  study 
the  geochemical  and  isotopic  systematics  of  the  volcanic  rocks  that 
erupt  through  cratons  at  later  times.  This  volcanism  can  be 
voluminous,  leading  to  accumulations  of  greater  than  a  million 
cubic  kilometers  of  flood  basalt,  as  in  the  Deccan  (India),  the  Karoo 
(S.  Africa),  and  the  Siberian  (Soviet  Union)  provinces.  The 
eruptions  take  place  through  linear  breaks  in  the  craton,  known  as 
rifts  if  they  are  large  or  fissures  if  they  are  small.  If  the  process  of 
forming  a  rift  goes  to  completion,  the  craton  will  be  split  apart  and 
a  new  ocean  basin  may  be  formed.  Rifting  does  not  always  succeed 
in  splitting  the  craton,  though,  and  the  1.1 -billion-year-old 
Midcontinent  Rift  System  in  the  Lake  Superior  region  of  the  United 
States  (Fig.  7)  was  formed  by  just  such  a  failed  rifting  process. 
Here,  thicknesses  of  up  to  thirty  kilometers  of  basalts  and 
sediments  are  trapped  between  the  growth  faults  that  formed  the 
active  margins  of  the  rift.  An  important  geological  feature  of  the 
Midcontinent  Rift  System  is  that  it  cuts  across  lithosphere  that 
ranges  in  age  from  1.6  to  3.6  billion  years. 

Previous  work  by  predoctoral  fellow  Suzanne  Nicholson  (now 
at  the  U.S.  Geological  Survey)  and  postdoctoral  research  associate 
Kenneth  Klewin  (Northern  Illinois  University),  working  with 
Shirey  and  Carlson,  has  led  to  a  model  wherein  a  deep-seated 
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Fig.  7.  Geologic  sketch  map  of  the  Midcontinent  Rift  system,  North 
America.  Volcanic  rocks  are  shown  in  horizontal  ruling,  sedimentary  rocks 
are  shown  in  stippled  pattern,  and  both  together  comprise  the  rift.  Ages 
(in  billions  of  years)  of  the  cratonic  crust  through  which  the  rift  cuts  are 
given  on  the  map.  The  circled  M  gives  the  location  of  the  Mamainse  Point 
section.  Note  that  the  rift  system  cuts  across  terranes  whose  ages  range 
from  1.  6  to  3.  6  billion  years.  These  old  terranes  can  affect  the  chemical 
composition  of  erupted  magmas.  (Map  from  Nicholson,  after  the  work  of 
Van  Schmus  and  colleagues.) 


mantle  plume  provided  the  heat  and  a  large  proportion  of  the 
mantle  source  material  to  form  the  basalts  of  the  voluminous  main 
stage  of  volcanism.  To  understand  the  dynamic  evolution  of  any 
rift,  the  trace  element  and  isotopic  compositions  of  the  first  lavas  to 
erupt  are  particularly  important.  In  the  Midcontinent  Rift,  the  first 
lavas  are  primitive,  high-Mg  magmas,  known  as  picrites,  which  are 
exposed  at  the  base  of  5  kilometers  of  continuous  volcanic  section 
on  the  east  side  of  the  rift,  in  the  Mamainse  Point  area  (Fig.  7). 

Based  on  trace  element  abundances  and  Sm-Nd  isotopic 
systematics,  Klewin  and  co-workers  previously  suggested  that 
these  picrites  formed  by  melting  of  the  lithospheric  mantle  beneath 
the  continent.  Their  presence  at  the  bottom  of  the  Mamainse  Point 
section  was  suggested  to  be  the  result  of  initial  melting  of  the 
lithospheric  keel  under  the  craton  by  the  plume  during  the  first 
stages  of  rift  development.  The  Re-Os  and  Sm-Nd  isotopic  data  for 
these  picrites  are  plotted  in  Fig.  8.  When  the  combined  Re-Os  and 
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Fig.  8.  Initial  187Os/186Os  vs.  initial  £Nd  0-1  billion  years  ago)  for  five 
basal  picrites  at  the  Mamainse  Point  locality,  Midcontinent  Rift,  e^d  is 
the  difference  in  initial  143Nd/144Nd  compared  to  the  isotopic 
composition  of  a  chondritic  growth  curve  at  that  time  (in  parts  of 
10,000).  Negative  values  of  £Nd  reflect  long-term  history  with  low 
Sm/Nd,  as  might  be  expected  for  old  continental  crust  or  lithospheric 
mantle.  The  illustrated  mixing  curves  show  model  calculations  for  the 
interaction  of  plume-derived  melts  with  the  enriched  upper  crust  and 
with  the  depleted  subcontinental  mantle  lithosphere,  with  the  amount  of 
crust  or  lithosphere  involved  given  in  percent.  The  five  samples  plotted 
fall  generally  within  the  calculated  plume-lithosphere  mixing  curves. 
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Sm-Nd  isotopic  systematics  for  the  picrites  are  considered  with 
estimates  for  the  Os  and  Nd  isotopic  compositions  of  the  plume 
and  the  lithosphere,  the  data  can  be  explained  as  the  mixing  of 
lithospheric  mantle  with  melts  derived  from  the  plume.  The  Os 
isotopic  data,  in  particular,  require  that  the  plume  be  directly 
involved  as  part  of  the  mantle  source  for  the  picrites  because  there 
is  no  other  feasible  endmember  with  high  Os  and  Nd  isotopic 
composition  (Fig.  8).  This  point  was  not  obvious  from  the  previous 
trace  element  or  isotopic  data. 

Demonstrating  the  direct  involvement  of  the  plume  as  a  source 
for  the  picrites  is  important  in  explaining  how  enough  heat  can  be 
imparted  to  a  section  of  Fe-depleted  lithosphere  to  melt  it.  The 
combination  of  the  Re-Os  system  with  the  Sm-Nd  system  also  is 
expected  to  have  utility  in  studies  of  other  flood  basalt  provinces 
on  stable  cratons  because  the  compositions  of  the  various 
participating  mantle  and  crustal  reservoirs  will  be  so  disparate 

(Fig.  8). 

*     *     * 

The  application  of  the  Re-Os  system  to  problems  in  the  earth 
sciences  is  really  just  beginning.  Many  severe  analytical  problems 
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Left  to  right:  Steven  Shirey,  Louis  Brown,  and  Richard  Carlson.  Brown 
has  been  acting  director  at  DTM  since  July  1, 1991. 

remain,  yet  the  last  five  years  have  seen  major  improvements  in 
sensitivity  and  precision.  We  are  still  at  the  exciting  time  in  the 
development  of  this  isotopic  system  where  so  little  is  known  about 
natural  Re-Os  isotopic  variations  in  terrestrial  rocks  that  it  is 
difficult  to  predict  the  outcome  of  each  isotopic  analysis. 
Nonetheless,  the  Re-Os  system  already  has  made  important 
contributions  to  terrestrial  geochemistry.  It  has  provided  one  of  the 
tightest  constraints  on  the  chemical  processes  of  core  formation.  It 
has  permitted  direct  determination  of  the  antiquity  of  the 
subcontinental  mantle.  It  has  allowed  the  interaction  between 
mantle  plumes  and  the  lithosphere  they  penetrate  to  be  sorted  out. 
It  has  made  possible  the  tracing  of  basalts  through  petrogenetic 
processes.  These  early  applications  have  demonstrated  the  great 
potential  the  Re-Os  system  has  for  future  geochemical  applications. 
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The  Director's  Essay: 
The  Center  for  High  Pressure  Research 

Systematic  high-pressure  work  on  materials  of  geological 
interest  has  been  a  fundamental  component  of  Geophysical 
Laboratory  activities  since  1904,  and  Geophysical  Laboratory  staff 
have  played  a  major  role  in  the  development  and  use  of  many 
types  of  high-pressure  apparatus,  including  piston-cylinder, 
cold-seal,  gas-media,  and  diamond-anvil  devices.  The  application 
of  high-pressure  and  high-temperature  techniques  in  laboratory 
studies  of  earth  materials  has  become  much  more  sophisticated  in 
recent  years  through  the  use  of  lasers,  computers,  and  synchrotron 
radiation  sources  as  well  as  the  greatly  improved  high-pressure 
apparatus  itself,  which  usually  incorporates  various  kinds  of 
superhard  and  superstrong  materials.  For  example,  Ho-kwang 
Mao  and  his  colleagues  have  led  in  the  development  and 
application  of  the  diamond-anvil  cell  for  experimental  studies  at 
high  pressure.  Static  pressures  of  about  five  megabars  (500 
gigapascals,  or  five  million  atmospheres)  — substantially  greater 
than  that  at  the  Earth's  center — have  been  attained,  pressure 
calibration  using  the  ruby  fluorescence  technique  has  been 
extended  into  the  megabar  range,  and  x-ray  diffraction  studies 
using  synchrotron  x-radiation  have  been  extended  above  three 
megabars.  Techniques  have  been  developed  for  heating  samples 
within  the  cell  by  laser  or  with  electrical  resistance  heaters  while 
pressure  is  maintained,  and  a  variety  of  spectroscopic  techniques 
are  being  used  for  characterizing  materials  held  under 
high-pressure  and  high-temperature  conditions. 

This  involvement  of  the  Geophysical  Laboratory  in 
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high-pressure  research  has  led  us  into  a  new  research  initiative, 
described  below,  which  will  influence  the  direction  of  much  of  our 
research  for  the  next  several  years. 

The  principal  new  research  initiative  of  the  Geophysical 
Laboratory  this  year  is  our  participation  in  the  new  Center  for 
High  Pressure  Research  (CHiPR)  with  the  State  University  of  New 
York  at  Stony  Brook  and  Princeton  University  This  is  one  of  the 
fourteen  Centers  established  in  1991  through  funding  by  the  NSF 
Science  and  Technology  Center  Program.  Depending  on 
Congressional  budgetary  approvals,  NSF  intends  to  continue  the 
Program  for  at  least  four  more  years,  and  it  is  possible  that 
funding  could  extend  for  a  total  of  eleven  years.  The  funds 
supplied  by  NSF,  together  with  contributions  from  the  three 
institutions  and  additional  external  grants,  will  be  used  to  support 
a  variety  of  initiatives  related  to  high-pressure  research. 

The  Center  is  composed  of  staff,  students,  and  laboratories  at 
the  Geophysical  Laboratory,  the  Department  of  Earth  and  Space 
Sciences  at  SUNY  Stony  Brook,  and  the  Department  of  Geological 
and  Geophysical  Sciences  at  Princeton  University.  In  addition, 
collaboration  is  being  developed  between  the  Center  and  other 
laboratories  in  universities,  industry,  and  government. 
Geophysical  Laboratory  staff  members  involved  with  the  Center 
are  Francis  Boyd,  Ronald  Cohen,  Larry  Finger,  Robert  Hazen, 
Ho-kwang  Mao,  Russell  Hemley,  Bjorn  Mysen,  Charles  Prewitt, 
and  David  Virgo. 

The  principal  goal  of  the  Center  is  to  study  fundamental 
questions  about  the  Earth's  evolution,  structure,  and  dynamic 
state,  and  about  the  nature  of  interiors  of  other  planets.  In 
addition,  we  expect  to  generate  extensive  new  information  about 
material  properties  at  high  pressures  and  temperatures,  and  to 
synthesize  new  materials  of  interest  in  physics,  chemistry,  and 
materials  science  as  well  as  in  the  earth  sciences.  Experimental 
work  will  be  complemented  by  theoretical  computer  simulations 
and  by  development  of  new  equipment  and  techniques  for 
high-pressure  research,  including  multi-anvil  experimental 
apparatus  for  use  in  synthesizing  larger  volumes  of  material 
which,  in  turn,  can  be  used  in  other  kinds  of  experiments. 

This  account  of  first-year  activities  highlights  facilities  of  the 
Center  and  describes  several  specific  research  topics  being 
pursued  by  Geophysical  Laboratory  personnel.  A  summary  of 
publications  already  printed  and  in  press  shows  a  very  high  level 
of  productivity  for  an  organization  that  just  began  its  operation  in 
February  1991. 

The  Chestertown  meeting.  During  June,  about  forty  staff  and 
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faculty  members,  postdoctoral  fellows,  graduate  students,  and 
undergraduates  from  the  Center  met  on  the  campus  of  Washington 
College  on  Maryland's  Eastern  Shore  to  discuss  and  design  a 
comprehensive  research  plan  that  will  carry  the  Center  through  its 
first  three  years.  Five  working  groups  were  formed  to  focus  on 
specific  problems  of  the  Center;  the  working-group  subject  areas 
were  New  High-Pressure  Silicate  Phases,  Non-Geological 
Materials  Science,  Development  of  New  Apparatus,  Seismology 
and  Global  Geophysics,  and  Synchrotron  Radiation  Experiments. 
The  opportunities  for  scientific  collaboration  are  many,  and  we 
believe  that  we  will  be  able  to  provide  much  useful  support  and 
information  for  the  scientific  community  as  well  as  to  advance  our 
own  research  far  beyond  that  possible  without  the  organization 
and  resources  of  the  Center. 

High-pressure  apparatus.  High-pressure  experiments  in  the 
Center  make  use  of  two  different  kinds  of  apparatus,  the 
diamond-anvil  cell,  which  employs  two  brilliant-cut  diamonds 
(1/8-1/3  carat)  pressed  together  with  a  mechanical  device  so  that 
they  in  turn  compress  a  polycrystalline  or  single-crystal  sample, 
and  the  large-volume  press,  which  employs  hydraulic  rams  to 
drive  from  two  to  eight  anvils,  usually  made  of  hard  steel  or 
tungsten  carbide,  against  a  sample.  Each  of  these  devices  has 
important  capabilities  that  permit  a  wide  range  of  experimental 
studies;  together,  they  allow  investigation  of  the  large  number  of 
questions  about  the  properties  of  materials  within  the  Earth. 

The  diamond-anvil  cell  (DAC)  is  used  at  the  Geophysical 
Laboratory  for  attaining  ultrahigh  pressures.  Although  the  DAC 
was  invented  at  the  National  Bureau  of  Standards,  many 
modifications  were  made  at  the  Geophysical  Laboratory  in  the 
1970s  and  1980s  by  Ho-kwang  Mao  and  Peter  Bell  in  order  to 
achieve  higher  and  higher  pressures  and  to  heat  samples  to 
temperatures  of  thousands  of  degrees  using  high-intensity  laser 
sources.  This  tradition  has  continued  in  recent  years,  and  a  further 
objective  of  the  Center  is  to  improve  our  control  of  sample 
environment  and  the  kinds  of  physical  measurements  that  can  be 
made  under  extreme  conditions. 

Because  of  its  extreme  hardness  and  compressive  strength, 
diamond  is  uniquely  suitable  for  achieving  very  high  pressures  up 
to  and  beyond  3.6  megabars,  the  pressure  at  the  center  of  the 
Earth.  Diamonds  are  transparent  to  a  wide  range  of 
electromagnetic  radiation,  including  x-ray,  ultraviolet,  visible,  and 
portions  of  the  infrared  regions,  thus  allowing  measurements  of 
physical  properties  while  a  sample  is  held  at  pressure.  It  is 
possible  to  introduce  a  laser  beam  that  can  heat  a  sample  from 
ambient  temperature  up  to  at  least  7000  K,  the  maximum 
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temperature  inside  the  Earth,  at  the  same  time  that  the  sample  is 
being  subjected  to  very  high  pressure. 

Because  the  area  of  the  faces  of  the  diamonds  is  very  small,  the 
force  per  unit  area  in  the  DAC  is  very  large,  and  very  high 
pressures  can  be  obtained  using  relatively  simple  apparatus.  This, 
in  turn,  means  that  the  typical  diamond-anvil  cell  is  only  a  few 
centimeters  across  and  can  be  placed  in  a  number  of  analytical 
devices  such  as  spectrometers  and  x-ray  goniometers.  The  small 
size  of  samples  studied  in  the  DAC  (from  microns  to  tens  of 
microns  across)  often  places  extraordinary  demands  on  the 
analytical  techniques  that  are  used.  It  is  because  of  this  that 
synchrotron  sources  have  been  so  valuable  to  diamond-anvil  cell 
research. 

Although  the  DAC  is  capable  of  imposing  ultrahigh  pressures 
on  very  tiny  samples,  it  is  often  desirable  to  use  larger  specimens 
in  other  kinds  of  experiments.  For  this  reason,  scientists  and 
engineers  have  worked  together  to  design  and  build  large 
hydraulic  presses  incorporating  steel  or  tungsten  carbide  anvils  in 
various  geometries  for  compressing  relatively  large  samples  and, 
at  the  same  time,  heating  them  to  temperatures  as  high  as  3000  °C. 
Although  this  kind  of  apparatus  ranges  in  size  from  a  few  pounds 
to  many  tons,  the  general  principles  in  all  such  units  are  the  same. 
The  objective  in  all  these  devices  is  to  contain  a  sample  in  a 
pressure  medium  of  some  geometrical  shape  such  as  a  cylinder, 
cube,  or  an  octahedron  so  that  hydraulically  driven  pistons  or 
anvils  press  with  equal  force  on  each  of  the  surfaces  of  the 
pressure  medium.  The  pressure  medium,  made  of  materials  such 
as  the  mineral  pyrophyllite  or  magnesium  oxide,  is  selected  to 
impart  as  uniform  a  compression  as  possible  on  the  sample 
contained  within.  Although  we  think  of  the  samples  compressed  in 
our  apparatus  as  "large  volume"  (compared  to  that  of  the  diamond 
cell),  the  actual  volumes  are  only  a  few  cubic  millimeters  at  the 
most.  In  contrast,  however,  the  many  large  hydraulic  presses  used 
in  industry  for  diamond  synthesis  are  capable  of  making 
diamonds  in  much  larger  volumes  (with  the  result  that  annual 
production  of  diamonds  is  in  the  order  of  several  tens  of  tons). 

The  largest  multi-anvil  apparatus  in  the  Center  is  located  at 
SUNY  Stony  Brook  and  incorporates  a  hydraulic  press  capable  of 
producing  loads  up  to  2000  tons  on  its  "guideblock" — the 
mechanism  containing  the  anvils,  pressure  medium,  and  sample. 
This  device,  which  was  purchased  from  the  Sumitomo  Company 
in  Japan,  can  reach  pressures  and  temperatures  as  high  as  30 
gigapascals  (GPa)  and  3000 °C.  The  Geophysical  Laboratory  uses 
several  smaller  presses  and  is  now  ready  to  operate  a  smaller 
version  of  the  Stony  Brook  press  and  guideblock,  which  should  be 
able  to  reach  comparable  pressures  and  temperatures.  This 
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apparatus,  designed  by  F.  R.  Boyd  and  manufactured  in  Baltimore, 
is  one  of  several  being  constructed  in  laboratories  here  and  abroad. 
The  result  will  be  a  substantial  expansion  in  the  number  and  type 
of  experiments  at  pressures  and  temperatures  important  in 
petrology,  geochemistry,  and  geophysics. 

Geophysics.  A  fundamental  objective  of  geophysics  is  to  learn  as 
much  as  possible  about  the  structure  and  composition  of  the 
Earth's  interior.  Seismologists  study  the  Earth  through  the  analysis 
of  energy  released  by  natural  earthquakes  and  man-made 
explosions.  However,  in  order  to  develop  complete  models  of  the 
Earth,  seismologists  need  to  know  as  much  as  possible  about  the 
high-pressure  and  high-temperature,  physical  and  chemical 
properties  of  the  materials  assumed  present  within  the  Earth. 

As  an  example  of  our  interest  in  working  on  geophysical 
problems,  Yingwei  Fei  has  developed  an  improved  externally 
heated  diamond-anvil  cell  for  attaining  simultaneous  pressures 
and  temperatures  up  to  30  GPa  and  900  K.  With  this  new  cell  and 
the  use  of  synchrotron  x-ray  diffraction,  he  was  able  to  measure 
thermal  expansivity  at  high  pressure  or  isothermal  bulk  modulus 
at  high  temperature,  important  physical  properties  for  modeling 
the  Earth's  interior.  He  has  thus  far  measured  expansivity  and 
bulk  modulus  for  (Fe,Mg)Si03-perovskite,  (Fe,Mg)2Si04- 
wadsleyite,  and  (Fe,Mg)0-magnesiowustite,  important 
mantle-related  high-pressure  minerals.  Those  studies  provide  new 
constraints  on  the  stability  of  (Fe,Mg)SiC>3-perovskite  in  the  lower 
mantle,  and  on  the  composition  and  mineralogy  of  the  mantle. 

Synchrotron  and  radiation  sources.  An  exciting  and  productive 
part  of  the  Center's  research  revolves  around  beamlines  at  the 
National  Synchrotron  Light  Source  (NSLS)  of  Brookhaven  National 
Laboratory.  Synchrotrons  accelerate  electrons  or  positrons  around 
a  ring,  or  racetrack,  that  is  configured  so  that  the  light  produced 
when  these  particles  are  accelerated,  i.e.,  electromagnetic  radiation 
from  the  x-ray  to  the  far  infrared,  can  be  directed  into  an 
experimental  station  called  a  hutch.  Light  beams  produced  in  this 
fashion  are  very  intense  and  have  other  characteristics  that  make 
them  particularly  suitable  for  experiments  with  tiny  samples  held 
at  high  pressure  in  diamond  cells  or  multi-anvil  apparatus. 
Geophysical  Lab  personnel,  including  staff  members  Ho-kwang 
Mao,  Russell  Hemley,  Larry  Finger,  and  Charles  Prewitt,  have 
played  major  roles  in  the  construction  and  use  of  beamlines  at 
NSLS.  Of  great  importance  to  us  is  the  experimental  station  XI 7C, 
which  is  a  beamline  located  on  the  superconducting  wiggler 
magnet.  This  beamline  produces  very-high-energy  x-radiation  that 
is  particularly  useful  for  high-pressure  experiments. 
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An  adjacent  beamline,  XI 7B,  is  used  by  the  Stony  Brook  group 
for  experiments  with  a  cubic-anvil  device  that  is  particularly 
advantageous  for  experiments  requiring  simultaneous  high 
pressure  and  high  temperature.  In  a  short  time  the  Stony  Brook 
group  has  performed  a  relatively  large  number  of  experimental 
runs  with  this  apparatus.  Applications  include  determinations  of 
equations-of-state  (how  sample  volume  or  density  varies  with 
temperature  and  pressure)  of  mantle  minerals,  including  spinel, 
garnet,  and  perovskite,  plus  determinations  of  phase  transitions  in 
silica  minerals  and  CaGeC>3. 

Metallic  hydrogen.  In  recent  years,  Mao,  Hemley,  and  colleagues 
have  worked  to  extend  the  highly  demanding  procedures  for 
high-pressure  studies  of  soft  materials  such  as  condensed  gases; 
their  experiments  with  solid  hydrogen  have  exceeded  2.5 
megabars.  They  discovered  phase  transitions  and  the  first  evidence 
of  transformations  into  the  metallic  form.  The  x-ray  and  infrared 
beam  lines  at  the  National  Synchrotron  Light  Source  are  resources 
for  experiments  that  can  only  be  performed  satisfactorily  by  use  of 
synchrotron  radiation.  In  particular,  the  superconducting  wiggler 
beamline  XI 7C  provides  a  beam  with  very-high-intensity  and 
high-energy  x-rays,  for  probing  tiny  samples  of  light  elements  in 
diamond-anvil  cells.  For  spectroscopic  measurements,  the  infrared 
beamline  U4  provides  high-intensity  infrared  radiation  for 
examination  of  samples  in  diamond-anvil  cells,  and  is  the  only 
facility  of  its  type  anywhere  in  the  world. 

Understanding  the  physical  and  chemical  properties  of  dense 
solid  hydrogen,  specifically  those  associated  with  the  long-sought 
metallization,  continues  to  be  a  major  focus  of  the  diamond-cell 
group  at  the  Lab.  During  the  past  year  a  number  of  new  results 
were  obtained  which  indicate  that  the  system  is  more  complex  and 
more  interesting  than  has  been  predicted  theoretically,  and  that 
dense  solid  hydrogen  may  well  exhibit  entirely  new  physics. 
Much  work  has  focused  on  the  behavior  near  150  GPa,  where  a 
major  phase  transition  (not  anticipated  by  theory)  was  discovered, 
and  where  significant  changes  in  the  infrared  properties  occur.  A 
wide  variety  of  measurements  indicate  that  this  transition 
represents  the  point  of  metallization,  or  that  it  is  at  any  rate 
intimately  associated  with  the  insulator-metal  transition  in  the 
sense  that  it  is  a  precursor  (such  as  a  low-temperature  transition  to 
an  excitonic  insulator,  in  which  case  metallization  occurs  above  a 
critical  temperature). 

Hydrous  phases.  Most  current  models  of  the  Earth's  mantle 
assume  that  all  the  mineral  phases  present  contain  no  significant 
amount  of  hydrogen.  This  assumption  reflects  the  fact  that  it  is 
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rather  difficult  to  control  the  partial  pressure  of  H20  and  other 
volatiles  in  high-pressure /high- temperature  experiments  and 
because  seismologists  have  just  not  included  phases  containing 
hydrogen  in  their  models.  Water  (hydrogen)  is  stored  in  the  upper 
mantle  in  hydrous  silicate  minerals  such  as  amphibole,  phlogopite, 
and  serpentine.  High-pressure  and  high-temperature  experiments 
have  shown  that  such  minerals  are  stable  to  depths  of 
approximately  200  km,  but  at  greater  depths  they  decompose  and 
the  water  contained  in  them  is  released.  Experimental  studies  of 
hydrous  magnesium  silicates  over  the  past  25  years  have 
demonstrated  the  existence  of  a  number  of  hydrous  phases  with 
stabilities  corresponding  to  depths  much  greater  than  200  km.  If 
present  in  the  mantle,  such  materials  would  have  a  very  significant 
effect  on  properties,  contradicting  virtually  all  mantle  models 
which  are  based  on  anhydrous  minerals  such 
as  olivine,  spinel,  garnet,  and  silicate 
perovskite. 

Recent  work  by  Stony  Brook  researchers 
Tibor  Gasparik,  Jaidong  Ko,  Rosemary 
Pacalo,  and  John  Parise  plus  Geophysical 
Lab  staff  members  Larry  Finger,  Robert 
Hazen,  and  Charles  Prewitt  has  shown  that 
hydrous  magnesium  silicates  synthesized  at 
high  pressure  are  stable  at  pressures  and 
temperatures  as  high  as  20  GPa  and  1600°C, 
i.e.,  conditions  consistent  with  depths 
between  400  and  600  km,  and  that  these 
materials  contain  silicon  in  both  four-  and 
six-coordination  by  oxygen.  A  representative 
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kilometers  and  corresponding  pressures  (in  gigapascals, 
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Silicon  is  normally  coordinated  by  either  four  or  six  oxygen 
atoms  in  silicates  thought  to  make  up  a  large  portion  of  the 
Earth's  interior.  The  coordination  groups  are  either 
tetrahedral  (Si04)4-  or  octahedral  (SiOe)8". 


composition  of  a  stable  high-pressure /high-temperature  is  phase  B 
(Mg24VI  Si2IVSi6038(OH)4).  Several  other  phases  with  similar  but 
distinct  compositions  are  being  investigated.  If  it  can  be  shown 
that  such  phases  are  present  in  the  mantle  or  in  slabs  that  are  being 
subducted  into  the  mantle,  earth  scientists  will  have  to  revise 
much  of  their  thinking  about  the  Earth's  deep  interior. 

Prediction  of  new  high-pressure  phases.  One  objective  of  the 
Center  is  to  synthesize  new  compounds  at  high  pressure  that  have 
crystal  structures  and /or  compositions  different  from  any  known 
materials.  We  have  already  been  successful  in  this,  in  the  synthesis 
of  several  new  silicates.  Some  of  these  phases  can  be  " quenched" 
to  room  temperatures  and  pressures,  and  others  are  stable  only  as 
long  as  high  pressure  is  maintained  on  the  sample.  Because  there 
are  so  many  possible  combinations  of  elements,  it  is  virtually 
certain  that  hundreds  and  hundreds  of  new  compounds  can  be 
made  with  our  high-pressure  apparatus.  To  develop  guides  for 
such  syntheses,  Robert  Hazen  and  Larry  Finger  examined  crystal 
structures  containing  octahedrally  coordinated  sites  that  could 
contain  silicon,  one  of  the  most  abundant  elements  in  the  Earth.  A 
common  feature  of  all  low-pressure  silicates  is  the  presence  of 
silicon  cations  exclusively  in  four-coordination  with  oxygen  anions. 

High-pressure  experiments  demonstrate  that  all  common 
crustal  silicates  undergo  phase  transitions  to  new  structures  with 
six-coordinated  silicon,  at  pressures  between  8  GPa  (for  pure  Si02) 
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and  about  25  GPa,  which  corresponds  to  the  pressure  at  the  top  of 
the  lower  mantle.  Mineral  physicists  identify  silicon  coordination 
number  as  a  major  difference  between  the  crust  and  lower  mantle: 
silicon  is  virtually  all  four-coordinated  above  about  250  km,  but  is 
entirely  six-coordinated  below  670  km.  The  transition  zone  at  400 
km,  on  the  other  hand,  is  marked  by  the  appearance  of  a  group  of 
high-pressure  silicates  with  both  four-  and  six-coordinated  Si.  The 
stability  of  these  minerals  is  apparently  confined  to  a  rather 
narrow  pressure  range,  approximately  10-25  GPa. 

There  are  only  a  dozen  known  high-pressure  structures  with 
SiC>6  polyhedra.  These  silicates  can  be  divided  conveniently  into 
two  groups.  Above  about  25  GPa,  corresponding  to  the  Earth's 
lower  mantle,  all  silicates  studied  to  date  are  observed  to 
transform  to  one  of  seven  dense  structures  in  which  all  Si  is 
six-coordinated.  These  structures — rutile,  perovskite,  ilmenite, 
hollandite,  calcium  ferrite,  pyrochlore,  and  K2NiF4 — are 
well-known  room-pressure  topologies  for  transition-metal  oxides. 
In  the  high-pressure  silicate  isomorphs,  silicon  occupies  the 
octahedral  transition-metal  site,  while  other  cations  may  adopt  six 
or  greater  coordination.  At  pressures  between  about  10  and  20  GPa 
(in  the  Earth's  transition  zone)  a  second  group  of  silicates  forms 
with  mixed  four-  and  six-coordination.  These  possible  phases 
include  silica-rich  modifications  of  the  well-known  garnet, 
pyroxene,  and  wadeite  structures,  as  well  as  the  complex  new 
hydrous  magnesium-bearing  phases  discussed  above. 

Hazen  and  Finger  identified  five  systematic  relations  that  can 
be  used  to  predict  other  possible  high-pressure  silicates.  These 
relations  are  based  on  structural  building  blocks  that  can  be 
combined  in  different  ways  or  on  the  substitution  of  silicon  for 
small,  highly  charged  cations  such  as  germanium  that  normally 
occupy  octahedral  sites  in  a  variety  of  crystal  structures.  CHiPR 
personnel  at  Stony  Brook  and  the  Geophysical  Lab  have  already 
collaborated  in  the  synthesis  and  characterization  of  a  series  of 
hydrous  magnesium  silicates  containing  both  four-  and 
six-coordinated  silicon,  and  it  is  very  likely  that  the  Hazen-Finger 
predictions  will  lead  to  the  discovery  of  many  more  new  phases. 

Hydrogen  in  the  core.  One  of  the  major  questions  about  the 
Earth's  deep  interior  involves  the  composition  of  the  core.  We 
know  from  seismic  studies  that  a  composition  of  iron  and  nickel 
would  be  too  dense  to  explain  observed  seismic  velocities  and  that 
a  lighter  element  or  several  lighter  elements  must  be  present. 
Because  hydrogen  has  been  proposed  as  a  possible  additional 
element  in  the  core,  postdoctoral  fellow  John  Badding,  Hemley, 
and  Mao  performed  high-pressure  experiments  in  a  diamond-cell, 
using  a  chip  of  iron  in  a  cell  with  liquid  hydrogen  as  a  pressure 


88  CARNEGIE  INSTITUTION 

medium.  Upon  raising  pressure,  the  iron  chip  suddenly  expanded, 
a  very  unusual  phenomenon  because  most  materials  shrink  under 
increasing  pressure.  The  explanation  for  this  is  that  iron  hydride 
was  formed  as  a  substantial  amount  of  the  hydrogen  invaded  the 
iron  chip  to  form  the  new  compound.  Although  there  is  no  proof 
that  hydrogen  plays  a  major  role  in  the  core,  the  experiments  of 
Badding  and  his  colleagues  show  that  a  large  hydrogen  component 
of  the  core  is  possible. 

Theoretical  calculations.  There  is  growing  interest  at  the 
Geophysical  Laboratory  in  theoretical  calculations  that  aid  in 
understanding  a  mineral's  behavior  under  the  conditions  existing 
in  the  Earth's  mantle,  ultimately  to  predict  accurately  the 
occurrence  of  phase  transitions  and  other  phenomena  associated 
with  high  pressures  and  temperatures.  Ronald  Cohen  is  primarily 
interested  in  such  calculations  and  has  been  investigating  what 
phases  of  Si02  might  be  present  deep  in  the  Earth.  Stishovite  is  a 
candidate  mineral  for  the  Earth's  transition  zone  and  lower 
mantle,  and  is  also  the  prototypical  mineral  containing 
octahedrally  coordinated  silicon.  It  is  an  open  question,  however, 
whether  stishovite  remains  the  stable  form  of  Si02  throughout  the 
lower  mantle,  or  if  a  new  structure  for  SiC>2  forms  at  the  high 
pressure  conditions  of  the  lower  mantle.  This  is  an  important 
question,  because  the  presence  or  absence  of  stishovite  depends  on 
the  chemical  composition  of  the  lower  mantle,  particularly  the 
iron-magnesium  ratio. 

Possible  phase  transitions  in  Si02  under  mantle  conditions 
were  suggested  in  previous  studies  elsewhere — i.e.,  a  theoretically 
predicted  phase  transition  from  stishovite  (rutile  structure)  to  the 
pyrite  structure  at  60  GPa  and  an  experimental  observation  of  a 
transition  in  Si02  from  stishovite  to  the  CaCl2  structure  between  80 
and  100  GPa.  A  transition  from  stishovite  to  the  CaCl2  structure  in 
the  lower  mantle  would  be  very  important  in  geophysical 
modeling  of  the  Earth.  Such  a  transition  should  be  evident  in 
seismological  data  (derived  acoustic  velocities)  if  stishovite  is 
present  in  any  quantity  in  the  deep  Earth.  No  such  features  are 
observed  in  the  lower  mantle  except  for  the  anomalous  D"  zone  at 
the  base  of  the  mantle.  One  must  conclude  either  that  little 
stishovite  is  present  in  the  deep  mantle,  or  that  the  phase 
transition  in  Si02  occurs  in  D"  and  that  seismic  anomalies  in  D" 
reflect  at  least  partially  that  transition. 

Cohen  used  the  Linearized  Augmented  Plane  Wave  method  to 
explore  whether  Si02  is  stable  in  the  stishovite,  CaCl2,  or  pyrite 
structures  at  very  high  pressures.  His  calculations  represent  one  of 
the  most  extensive  studies  of  a  single  material  using  this 
technique — over  200  self-consistent  calculations  were  performed  to 
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determine  the  phase  relations,  elasticity,  and  vibrational  properties 
of  Si02.  Calculations  were  performed  for  Si02  in  the  stishovite 
(rutile,  space  group  P42/mnm),  CaCl2  (Pnmn),  and  pyrite  (Pa3) 
structures  as  functions  of  volume.  All  of  the  calculations  were  for 
static  lattice  energies,  classically  equivalent  to  a  temperature  of 
0  K.  An  elastic  instability  in  stishovite  is  predicted  at  45  GPa,  at 
which  pressure  stishovite  would  transform  into  the  CaCl2 
structure  at  zero  temperature,  and  a  phase  transition  from 
stishovite  to  Pa3  is  predicted  at  156  GPa.  However,  this  45-GPa 
phase  transition  has  only  a  small  effect  on  the  energetics  of  Si02 
and  on  the  crystal  structure.  The  phase  transition  is  continuous, 
and  the  initial  distortions  from  the  rutile  structure  are  very  small, 
but  the  phase  transition  has  enormous  effects  on  the  elastic 
properties  of  high-pressure  Si02.  Therefore,  it  is  crucial  to  consider 
whether  this  transition  occurs  under  mantle  conditions.  Cohen 
concludes  that  the  phase  transition  is  likely  to  be  very  sensitive  to 
temperature,  and  it  is  quite  possible  that  temperature  will 
significantly  increase  the  depth  at  which  the  transition  occurs. 

It  should  be  noted  that  theoretical  calculations  such  as  the  ones 
described  here  would  have  been  extremely  difficult  or  impossible 
only  a  short  time  ago.  Improvements  in  theoretical  methods  and 
increasing  access  to  high-speed  computers  are  allowing  Cohen  and 
others  to  obtain  results  that  are  ever  closer  to  physical  reality.  It  is 
this  connection  between  theory  and  experiment  that  makes  this  a 
very  exciting  time  to  be  at  the  Geophysical  Laboratory. 

Summary  and  conclusions.  The  Center  for  High  Pressure 
Research  has  undertaken  an  ambitious  and  comprehensive 
research  program  that  will  enable  all  the  institutions  in  the  Center 
to  expand  and  improve  their  high-pressure-related  research  in  the 
materials  as  well  as  the  earth  sciences.  For  the  Geophysical 
Laboratory,  the  Center  provides  the  opportunity  to  focus  a  wide 
range  of  capabilities  on  problems  in  geochemistry  and  geophysics, 
while  at  the  same  time  allowing  us  to  strengthen  ourselves  in  other 
areas,  such  as  stable  isotope  and  biological  geochemistry.  It  will  be 
interesting  to  see  how  the  Center  and  related  activities  develop  in 
coming  years. 

— Charles  T.  Prewitt 
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The  Director's  Introduction 

In  recent  Year  Books,  I  have  attempted  to  summarize  a  year  of 
science  at  the  Department  of  Plant  Biology  under  fairly  tight 
constraints.  On  the  one  hand,  there  was  an  obvious  limitation  to 
the  number  of  pages  through  which  an  average  reader  would 
plow,  and  there  were  considerations  of  time  and  expense  in 
producing  extended  text  and  converting  it  into  print.  On  the  other 
hand,  the  quantity  of  high-quality  science  produced  by  the 
Department  continued  to  grow  each  year.  Within  the  realistically 
imposed  limitations  of  space,  efforts  to  be  comprehensive  as  well 
as  lucid  became  more  and  more  hopeless. 

This  year,  we  are  trying  a  different  approach.  A  couple  of 
longer  articles  deal  fairly  comprehensively  with  projects  in  the 
Department  that  are  well  advanced  in  their  progress.  Briefer 
paragraphs  describe  several  other  research  efforts,  although  these 
scarcely  represent  all.  Finally,  my  own  few  introductory 
paragraphs  here  will  consider  some  of  the  other  projects,  thereby 
conveying  in  skeleton  form  the  breadth  and  comprehensiveness 
that  fleshed  out  previous  reports  from  this  director.  We  hope  to 
have  longer  articles  from  different  scientists  in  succeeding  years  so 
that  over  a  short  cycle,  fairly  comprehensive  reports  will  emerge 
from  each  research  group  and  provide  a  good  long-term  record  of 
our  activities. 

At  whatever  level  you  probe  the  Department's  activities,  you 
are  likely  to  find  a  common  theme:  plant  responses  to 
environmental  change.  We  are  quite  catholic  in  our  choices  of 
environmental  factors.  These  range  from  light  direction  and  light 
intensity  to  nutrient  deprivation  to  climatic  change.  Let's  begin 
with  a  case  involving  light  intensity.  Fork's  group  in  collaboration 
with  David  Laudenbach  from  the  Grossman  laboratory  has  been 
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investigating  how  cyanobacteria  cope  with  superoxide,  a  toxic 
radical  of  oxygen,  produced  as  an  unwanted  by-product  of 
photosynthesis.  An  enzyme,  superoxide  dismutase,  normally 
detoxifies  this  radical,  and  Fork  and  colleagues  have  been 
studying  the  consequences  of  doing  without  the  enzyme.  They 
found  that  a  superoxide-dismutase-deficient  mutant  is  much  more 
negatively  affected  by  high  light  and  elevated  oxygen 
concentrations,  and  that  the  damage  appears  to  be  principally  in 
Photosystem  1  (see  Fork  article,  below). 

Grossman's  group,  in  addition  to  investigating  phosphate 
stress  (see  p.  110),  is  also  continuing  a  long-standing  interest  in 
responses  to  sulfate  stress,  both  in  a  green  alga,  Chlamydomonas 
reinhardtii,  and  a  cyanobacterium,  Synechococcus  sp.  In  the  first 
case,  postdoctoral  fellow  John  Davies  has  been  characterizing  the 
regulation  of  the  gene  for  the  enzyme  arylsulfatase,  an  enzyme 
that  when  secreted  scavenges  sulfate  from  organic  compounds  in 
the  immediate  environment.  The  enzyme  is  synthesized  in 
response  to  sulfate  limitation,  and  Davies  has  been  using  some 
ingenious  molecular  techniques  to  ferret  out  the  details  of  its 
regulation.  He  is  also  studying  regulation  of  transcription  of  the 
gene  for  the  protein  tubulin,  an  important  component  of  the 
flagella  that  provide  Chlamydomonas  with  motility.  Other  members 
of  the  group,  particularly  postdoctoral  fellow  David  Laudenbach, 
have  continued  in-depth  studies  of  the  regulation  of  the  sulfate 
uptake  machinery  in  Synechococcus,  isolating  and  characterizing 
the  precise  region  of  the  genome  that  is  activated  under  conditions 
of  sulfate  starvation.  Graduate  student  Jackie  Collier,  meanwhile, 
is  using  Synechococcus  mutants  to  characterize  general  responses  to 
a  range  of  nutrient  stresses.  These  mutants — which  may  have 
lesions  in  the  system  for  detecting  nutrient  status,  in  the 
transduction  chain  leading  from  the  nutrient  signal  to  the  final 
response,  or  in  the  response  mechanism  itself — will  be  extremely 
useful  in  dissecting  the  processes  by  which  the  cells  respond  to 
nutrient  stress.  All  of  these  studies  have  the  potential  to  provide 
models  applicable  to  higher  plants.  An  understanding  of  the  more 
complex  higher  plant  systems  could  have  significant  implications 
for  agriculture. 

Several  years  ago,  the  Grossman  group  described  several 
mutants  of  the  cyanobacterium  Fremyella  diplosiphon  that  failed  to 
respond  normally  to  changes  in  light  quality  (color)  by  adjusting 
the  pigment  complement  of  their  photosynthetic  apparatus  to 
absorb  maximally  those  wavelengths,  whether  red  or  green,  that 
the  environment  provided.  Recently  postdoctoral  fellows  Gisela 
Chiang  and  Michael  Schaefer  have  successfully  identified  a  region 
of  the  Fremyella  genome  that,  when  inserted  into  the  mutants, 
restores  normal  function.  Surprisingly,  this  piece  of  DNA  has  three 
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regions  that  are  homologous  to  protein  kinases — enzymes  that 
attach  phosphate  groups  to  proteins  and  in  doing  so  regulate  their 
function  (see  pp.  106-109).  These  studies  are  complemented  by  the 
recent  finding,  by  graduate  student  Elena  Casey,  that  certain 
proteins  become  heavily  phosphorylated  when  non-mutant  cells 
are  transferred  from  red  to  green  light.  The  Grossman  group  is 
hence  in  a  strong  position  to  elucidate  what  in  the  past  has  been  an 
elusive  sequence  of  events  in  a  response  to  environmental 
perturbation. 

Bjorkman  and  his  colleagues  have  continued  their  interest  in 
the  "xanthophyll  cycle/'  thought  to  be  an  important  mechanism 
whereby  higher  plants  can  dissipate  excess  light  energy  harmlessly 
as  heat.  Three  xanthophylls  are  involved:  violaxanthin, 
antheraxanthin,  and  zeaxanthin.  There  is  strong  evidence  that  the 
reversible  formation  of  zeaxanthin  from  violaxanthin  is  closely 
associated  with  the  dissipation  of  excess  energy  from  Photosystem 
2.  Recently  the  Bjorkman  group  has  demonstrated  operation  of  the 
xanthophyll  cycle  in  Photosystem  1  as  well.  These  studies  were 
carried  out  with  plants  that  use  the  C3  pathway  for  carbon  fixation, 
one  of  the  two  major  biochemical  pathways  by  which  carbon 
moves  from  CO2  to  sugars.  Bjorkman  and  visiting  investigator 
Harry  Yamamoto  have  now  shown  that  the  xanthophyll  cycle  is 
fully  operative  in  C4  plants  as  well.  Specifically,  certain  cells  in  C4 
plants  contain  only  traces  of  Photosystem  2.  These  cells,  found  in 
association  with  the  leaf  veins,  can  be  readily  isolated  and  shown 
to  have  all  of  the  components  of  the  cycle.  The  expected  changes  in 
these  cells,  seen  when  the  leaves  are  shifted  from  excess  to  limiting 
light  or  vice  versa,  give  further  strong  evidence  for  the 
participation  of  the  cycle  in  protection  of  Photosystem  1. 

Arthur  Fredeen,  a  postdoctoral  fellow  in  Field's  laboratory,  has 
been  continuing  a  long-standing  study  on  what  determines  the 
distribution  of  plants  and  constrains  them  to  certain  microsites  in 
tropical  rain  forest.  Among  other  things,  Fredeen  and  Field  found 
that  sun  plants  respond  to  an  increase  in  available  nitrate  in  the 
soil  by  increasing  in  the  enzyme  nitrate  reductase,  an  important 
catalyst  in  the  process  of  nitrogen  assimilation  in  plants.  Shade 
plants  and  generalist  species,  however,  failed  to  respond  to 
changes  in  available  nitrate.  Hence  only  species  successful  in 
high-light  microsites  can  take  advantage  of  pulses  of  nitrate 
availability.  The  absence  of  the  nitrate-reductase  response  in  the 
other  species  may  indicate  a  pattern  of  resource  utilization  that 
keeps  costs  low  by  preventing  the  expenditure  of  scarce  carbon 
reserves  for  nitrate  reduction  beyond  that  consistent  with  available 
carbon. 

Finally,  Guy  Samson,  a  postdoctoral  fellow  in  Fork's 
laboratory,  has  been  wrestling  with  the  elusive  function  of  a 
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component  in  the  electron  transport  system  of  photosynthesis, 
cytochrome  b-559,  a  molecule  associated  with  Photosystem  2.  By 
using  a  variety  of  experimental  conditions,  Samson  and  Fork  were 
able  to  demonstrate  for  the  first  time  simultaneous  oxidation  and 
reduction  of  this  cytochrome,  indicating  for  the  first  time  cyclic 
flow  of  electrons  within  Photosystem  2.  They  were  also  able  to 
determine  some  of  the  conditions  under  which  this  cyclic  flow  can 
occur  (redox  state,  degree  of  saturation  of  the  cytochrome  with 
hydrogen  ions).  These  properties  could  reflect  a  mechanism  to  turn 
on  cyclic  flow  during  times  of  excess  light,  offering  one  more 
mechanism  to  dissipate  excess  light  energy  harmlessly  as  heat. 

— Winslow  Briggs 


The  Sound  of  Photosynthesis 

by  David  C.  Fork 

Photosynthesis  in  plants,  algae,  and  photosynthetic  bacteria 
converts  the  Sun's  light  energy  into  stabilized  chemical  energy 
and  is  the  source  of  more  than  99%  of  all  of  life's  energy.  The 
simplest  type  of  photosynthesis  is  seen  in  certain  photosynthetic 
bacteria.  Much  is  now  known  about  the  organization  of  the 
bacterial  reaction  center — the  biochemical  complexes  that  function 
essentially  as  'light-driven  pumps"  to  move  electrons  across  the 
photosynthetic  membrane.  (These  complexes  are  sometimes 
designated  Photosystem  1,  or  PS1.)  The  electrons  made  available 
by  light  absorption  in  the  reaction  center  and  by  oxidation  of 
simple  inorganic  or  organic  compounds  are  used  to  reduce  an 
acceptor.  Continuation  of  this  process  eventually  leads  to  a 
concentration  inside  the  photosynthetic  apparatus  of  hydrogen 
ions  (H+)  and  an  electrical  potential,  both  of  which,  when 
dissipated  through  a  special  "coupling  site,"  leads  to  the  formation 
of  ATP  (adenosine  triphosphate).  ATP,  rich  in  energy  stored  by 
bacterial  photosynthesis,  supplies  this  energy  for  the  many 
reactions  needed  for  cellular  metabolism  and  growth.  J. 
Deisenhofer,  H.  Michel,  and  R.  Huber  were  awarded  the  1988 
Nobel  prize  in  chemistry  for  their  elucidation  of  the  structure  and 
functioning  of  bacterial  reaction  centers. 

An  evolutionarily  more  advanced  photosynthesis  is  found  in 
cyanobacteria  (blue-green  algae),  variously  pigmented  algae,  and 
higher  plants.  Such  photosynthesis  represents  a  great  step 
forward,  since  by  adding  a  second  type  of  reaction  center,  termed 
Photosystem  2  (PS2),  to  the  bacterial-like  PS1,  organisms  can  use 
ordinary  water  as  their  source  of  electrons,  thus  freeing  them  to 
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live  in  practically  any  water-containing  habitat  on  Earth.  With 
their  two  photosystems  operating  in  concert,  cyanobacteria  and 
plants  are  able  to  use  light  energy  to  oxidize  plain  water  by 
removing  electrons  and  H+,  releasing  the  remaining  oxygen  to  the 
atmosphere  as  a  "waste"  product.  The  H+  and  electrons  can  then 
reduce  carbon  dioxide  to  carbohydrates,  which  serve  as  the 
eventual  storage  of  energy  for  life's  metabolic  activities. 

In  studies  of  photosynthesis,  we  can  readily  measure  some  of 
the  phenomena — the  oxygen  given  off  or  the  carbon  dioxide  taken 
up,  for  example.  Plants  are  capable,  however,  of  fixing  light  energy 
into  chemically  stabilized  energy  where  products  of  the  reaction 
cannot  be  readily  measured  in  the  intact  plant.  A  case  in  point  is 
found  in  the  reaction  of  cyclic  photophosphorylation  where,  under 
certain  conditions,  a  plant  may  be  capable  of  cycling  electrons 
within  PS1  under  stimulation  by  light.  Under  these  conditions  it  is 
possible  to  store  light  energy  without  producing  any  oxygen  or 
taking  up  any  carbon  dioxide.  The  principal  product  of  this 
reaction  is  ATP,  the  energy-rich  substance  mentioned  above. 

ATP  can  be  readily  measured  by  several  techniques,  but  in  all 
methods  it  is  necessary  to  grind  up  the  plant  and  use  subcellular 
preparations  for  making  the  measurements.  These  preparations 
may  or  may  not  represent  conditions  in  the  intact  plant. 
Fortunately,  it  is  possible  to  measure  the  energy  stored  in  such  a 
cyclic  electron  flow  in  PS1  by  using  the  photoacoustic  technique 
devised  over  a  hundred  years  ago  by  Alexander  Graham  Bell.  (Bell 
wanted  to  use  the  technique  to  transmit  sound  over  distances  by 
modulating  sunlight  and  transmitting  the  light  to  a  distant 
receiver.) 

The  photoacoustic  technique  turns  out  to  be  well  suited  for 
studies  with  intact  plant  material,  as  demonstrated  by  Shmuel 
Malkin  of  the  Weizmann  Institute  of  Science  in  Rehovot,  Israel, 
who  has  been  collaborating  with  David  Fork,  Stephen  Herbert, 
Guy  Samson,  and,  earlier,  with  Joseph  Berry  at  the  Department  of 
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Plant  Biology.  According  to  Malkin,  one  essentially  "listens"  to 
photosynthesis  with  this  technique  (though  hardly  in  the  sense 
often  imagined  in  the  popular  press). 

In  principle  the  technique  is  quite  simple.  A  plant  sample  is 
enclosed  in  a  very  small  air  space,  about  0.1  ml,  which  is  in 
communication  via  a  small  tunnel  with  a  tiny  microphone 
(typically  of  the  type  used  in  hearing  aids).  A  beam  of  low- 
intensity  red  light  absorbed  by  chlorophyll  illuminates  the  sample 
and  is  "modulated"  by  turning  it  on  and  off  at  a  rate  typically 
around  150  times  per  second.  The  light  penetrates  and  is  absorbed 
by  the  plant,  and  is  converted  to  heat  much  in  the  way  that  light 
absorbed  by  any  substance  is  converted  to  heat.  Since  the  light  is 
intermittent,  the  heat  produced  also  arises  intermittently  at  the 
same  frequency.  The  small  volume  of  air  bathing  the  plant  sample 
then  experiences  periodic  heating  and  expansion  at  this  frequency, 
and  the  end  result  is  a  series  of  pressure  waves  in  the  air  (sound) 
that  are  detected  by  the  microphone.  Interestingly,  a  plant  that  is 
photosynthetically  competent  produces  about  35%  less  heat  than 
does  a  dead  plant  or  a  plant  rendered  incapable  of  photosynthesis. 
This  is  because  about  35%  of  the  energy  of  the  red  light  impinging 
on  a  living  plant  is  stored  by  photosynthesis  and  not  simply  lost  as 
heat.  (It  is  known  that  eight  quanta  of  red  light  are  needed  to 
reduce  one  carbon  dioxide  molecule  to  carbohydrate.  From  this 
value,  one  can  calculate  a  theoretical  efficiency  of  photosynthesis 
of  about  35%,  extremely  close  to  the  value  actually  measured  with 
the  photoacoustic  technique.) 

Photosynthesis  with  oxygen  evolution  and  carbon  dioxide 
uptake  can  be  effectively  inhibited  by  treatment  with  herbicides 
such  as  Diuron  (DCMU),  a  dichlorophenyl  urea  derivative. 
Interestingly,  Herbert  and  Fork  noted  that  plants  inhibited  by 
DCMU  still  store  some  light  energy  (about  4-15%  of  the  applied 
energy,  depending  on  the  plant  type). 

There  are  other  circumstances  in  which  energy  storage  can 
occur  in  the  absence  of  oxygen  evolution  or  carbon  dioxide 
fixation.  In  red  algae  and  cyanobacteria  it  is  easy  to  drive  PS1 
alone  with  far  red  light.  Far  red  wavelengths,  though  almost 
invisible,  are  nevertheless  effectively  absorbed  almost  exclusively 
by  PS1.  Complete  photosynthesis  does  not  occur  in  far  red  light 
because  very  little  light  is  absorbed  by  PS2  (compared  to  PS1)  and 
thus  no  oxygen  evolution  and  carbon  dioxide  uptake  occurs. 
(Balanced  excitation  of  both  PS1  and  PS2  is  needed  for  efficient 
photosynthesis.)  Nevertheless,  under  these  conditions,  Fork  and 
Herbert  detected  significant  energy  storage. 

The  storage  of  energy  in  plants  treated  with  DCMU  or  in 
plants  in  which  PS1  operates  alone  can  be  readily  explained  as  the 
result  of  a  cycling  of  electrons  from  the  reaction  centers  of  PS1  to 
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Fig.  1 .  The  effectiveness  of  various  wavelengths  of  light  on  photosynthetic 
energy  storage  before  (open  symbols)  and  after  (closed  symbols)  treatment 
with  DCMU  in  representatives  of  higher  plants  and  all  major  groups  of 
algae.  The  inhibitor  DCMU  (Diuron  or  3-(3,4-dichlorophenyl)-l, 
1 -dimethyl  urea)  completely  stopped  photosynthetic  oxygen  evolution  and 
carbon  dioxide  uptake  (PS2)  at  the  concentration  used  (25  mM).  The 
DCMU  samples  largely  reveal  PS1  energy  storage,  especially  at  far  red 
wavelengths  (710  nm),  which  are  almost  exclusively  absorbed  by  PS1. 
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acceptors.  These  acceptors  eventually  pass  the  electrons  back  to 
the  PS1  reaction  centers  for  another  light-driven  cycle.  This  process 
generates  H+  and  an  electrochemical  gradient  that  is  used  to  drive 
the  formation  of  ATP  in  the  PS1  process  of  cyclic  photo- 
phosphorylation,  mentioned  previously. 

Herbert  and  Fork  surveyed  the  wavelength  dependence  of 
energy  storage  for  representatives  of  the  major  photosynthetic 
organisms  (Fig.  1) — a  cyanobacterium  (Anacystis)  and  a  red  alga 
(Porphyra),  as  well  as  Macrocystis  (giant  kelp)  which  represents 
brown  algae  and  diatoms,  a  green  alga  (Ulva),  and  higher  plants 
having  both  the  C3  (Oxalis)  and  C4  (Sorghum)  type  of  carbon 
dioxide  fixation  pathways  (pathways  that  have  been  extensively 
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studied  in  this  Department  in  the  past).  In  all  the  algae  that  use  the 
C3  type  of  carbon  dioxide  fixation  and  also  the  C4  plant  (Sorghum), 
the  investigators  found  clear  indication  of  energy  storage  at  all 
wavelengths,  including  those  in  the  far  red  region  where  PS1 
absorbs  predominantly.  Moreover,  in  the  presence  of  DCMU  when 
only  PS1  can  operate  by  means  of  a  cyclic  flow  of  electrons,  there 
was  clear  evidence  for  energy  storage.  An  unexpected  exception 
was  in  Oxalis,  where  no  energy  storage  was  seen  in  the  presence  of 
DCMU  and  no  activity  or  energy  storage  was  seen  in  far  red 
wavelengths.  This  result  was  puzzling,  since  most  of  the  classical 
work  on  cyclic  phosphorylation  has  been  done  in  isolated 
sub-chloroplast  vesicles  (called  thylakoids)  of  C3  higher  plants  like 
Oxalis.  It  is  known  from  experiments  in  other  laboratories  with 
extracted  chloroplasts  from  C3  higher  plants  that  a  small  amount 
of  PS2  activity  is  needed  to  "poise"  the  system  of  cyclic  photo- 
phosphorylation  in  some  unknown  way.  In  experiments  with 
intact  Oxalis  leaves,  it  is  possible  that  the  DCMU  inhibition  was  so 
complete  that  such  an  in  vivo  poising  was  absent.  Explanations  for 
this  interesting  exception  in  Oxalis  are  currently  being  sought. 

As  mentioned  previously,  the  capacity  for  energy  storage  by 
cyclic  electron  flow  in  PS1  is  only  about  15%  of  the  capacity  for 
energy  storage  by  complete  oxygen-evolving  photosynthesis  in  the 
cyanobacterium  Anacystis.  In  the  red  alga  Porphyra  and  the  green 
alga  Ulva  it  proved  even  less,  around  4%.  The  question  is,  are  these 
capacities  biologically  significant?  Fork  and  Herbert  feel  that  they 
are,  because  relatively  small  supplies  of  ATP  could  have  a 
significant  positive  effect  on  the  repair  of  damaged  PS2.  Thus  in 
the  work  done  previously  at  this  Department  by  Dennis  Greer 
from  New  Zealand  and  Olle  Bjorkman  (Year  Book  84,  p.  40),  it  was 
observed  that  a  bean  plant  damaged  (photoinhibited)  by  exposure 
to  excess  light  intensity  could  repair  its  damage  five  times  faster  in 
dim  light  than  in  darkness,  and  that  this  beneficial  effect  of  dim 
light  was  at  its  maximum  at  only  about  6%  of  the  light  intensity 
favorable  for  growth.  The  cyclic  energy  storage  in  PS1  that  is 
presumably  linked  to  ATP  production  also  reaches  its  maximum 
rate  in  dim  light,  suggesting  that  cyclic  photophosphorylation  may 
function  in  the  repair  of  photodamaged  plants  in  addition  to  its 
role  in  supplying  ATP  for  varied  metabolic  needs. 

The  idea  that  PS1  cyclic  photophosphorylation  provides  a 
back-up  system  that  is  resistant  to  photoinhibition  and  that  can  aid 
in  the  repair  of  photoinhibited  plants  comes  from  experiments  that 
Herbert  and  Fork  made  with  a  cyanobacterium  grown  in 
unfavorably  high  light  intensities.  Under  this  condition  the  cells 
were  rapidly  photodamaged.  Figure  2  shows  that  within  about 
thirty  minutes,  photosynthesis  (measured  as  oxygen  evolution) 
had  declined  to  almost  zero  (bottom  panel),  yet  energy  storage  in 
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Fig.  2.  The  effect  of  high  light  intensity  on 
photosynthesis,  as  measured  by  oxygen 
evolution  (lower  panel)  and  PS1  (far  red) 
energy  storage  (upper  panel),  in  the 
cyanobacterium  Synechococcus  sp.  (PCC  7942). 
PS1  is  seen  resistant  to  high  light  for  50 
minutes,  while  PS2  oxygen  release  is  degraded. 
(Chloramphenicol  was  added  to  stop 
simultaneous  repair  of  photodamage,  since  it 
inhibits  the  synthesis  of  chloroplast-encoded 
proteins  such  as  the  32-kD  protein,  which  is  a 
labile  and  essential  part  of  PS2.)  The  cells  were 
irradiated  with  white  light  at  intensity  of  1200 
mE  m-2  s"1,  about  two-thirds  that  of  full 
sunlight.  These  cultures  normally  grow  well  at 
100  x  lower  intensities. 


far  red  light  that  drives  PS1  alone  (upper  panel)  was  unaffected  for 
a  period  up  to  about  an  hour.  These  results  also  show  clearly  that 
plants  can  retain  some  photochemical  activity  even  though 
complete  photosynthesis  leading  to  carbon  dioxide  uptake  and 
carbohydrate  formation  is  impossible.  This  capacity  of  plants  to 
endure  high  light  stress  seems  related  to  the  resistant  nature  of  PS1 
that  plants  "inherited"  from  their  more  primitive  photosynthetic 
bacterial  ancestors. 

In  a  related  experiment  done  in  collaboration  with  David 
Laudenbach  and  Jackie  Collier  in  Arthur  Grossman's  laboratory, 
cultures  of  cyanobacteria  were  grown  under  conditions  of  extreme 
sulfur,  phosphorus,  and  nitrogen  nutrient  depletion.  In  each  case 
the  cells  were  extremely  unhealthy  in  appearance.  Their  yellow 
instead  of  the  normal  blue-green  color  was  a  reflection  of  an 
exceeding  low  content  of  chlorophyll  and  phycobilins  (photo- 
synthetically  active  accessory  pigments).  Herbert  and  Fork  were 
surprised  to  find  that  energy  storage  was  still  measurable  in  each 
of  the  nutrient-depleted  cultures.  Whereas  energy  storage 
represented  only  about  7%  of  the  total  photosynthetic  activity  in 
control  cells,  it  represented  35%  in  S-depleted,  27%  in  P-depleted, 
and  16%  in  N -depleted  cells. 

As  discussed  previously,  the  photoacoustic  cell  in  common  use 
requires  that  the  plant  sample  be  enclosed  in  a  very  small  air 
space.  Under  this  condition,  especially  in  high  light  intensities,  all 
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of  the  available  carbon  dioxide  can  be  quickly  taken  up  by  the 
plant  sample,  rendering  continuation  of  normal  photosynthesis 
impossible.  To  overcome  this  limitation,  Fork  and  Herbert  have 
developed  a  gas-permeable  photoacoustic  measuring  system. 
With  this  new  apparatus  it  is  now  possible  to  perform 
measurements  on  leaves  over  long  periods  of  time  with  no  decline 
of  photosynthetic  activity. 

The  results  discussed  above  show  clearly  that  even  though 
plants  are  subjected  to  episodes  of  extreme  environmental  stresses, 
such  as  represented  by  excessively  high  light  intensity  or  nutrient 
starvation,  they  retain  the  capacity  to  store  energy  by  PS1  that  can 
be  used  for  repair  and  eventual  recovery  of  their  original 
photosynthetic  capacity.  The  work  also  shows  that  "listening  to 
photosynthesis"  is  a  powerful  method  both  for  studying  energy 
storage  in  general  and  for  investigating  ways  whereby  plants 
respond  to  stress. 


Chasing  a  Blue  Light  Photoreceptor 

by  Winslow  R.  Briggs 

More  than  five  decades  ago,  L.  H.  Flint  (1935)  and  Flint  and 
E.  D.  McAlister  (1937)  first  showed  that  the  germination  of 
certain  seeds  could  be  promoted  by  red  light.  This  process  clearly 
had  nothing  to  do  with  photosynthesis  but  rather  involved  a 
nonphotosynthetic  pigment  that  played  some  direct  role  in 
regulating  plant  development.  These  early  studies  led  in 
subsequent  years  to  an  explosion  of  knowledge  about 
phytochromes — plant  pigments  responsible  for  controlling  a  wide 
range  of  developmental  processes  in  plants,  from  seed  germination 
through  leaf  expansion,  stem  elongation,  and  flowering,  to  fruit 
pigmentation  and  senescence.  Today,  the  role  of  the  phytochromes 
in  gene  regulation  is  being  elucidated  in  a  large  number  of 
laboratories  around  the  world  (including  that  of  former 
Department  of  Plant  Biology  staff  member  William  F.  Thompson, 
currently  at  North  Carolina  State  University).  Furthermore,  genes 
for  several  phytochromes  have  been  isolated  and  characterized, 
and  much  is  known  about  how  they  themselves  are  regulated. 

It  was  also  in  the  1930s  that  E.  S.  Johnston  published  the  first 
detailed  information  as  to  which  wavelengths  of  light  induce 
phototropism — the  phenomenon  of  directed  growth  toward  a  light 
source — and  showed  that  this  response  is  to  blue  light.  (Later 
investigators  showed  that  there  is  also  sensitivity  in  the  near 
ultraviolet.)  However,  unlike  the  seed  germination  studies  by  Flint 


PLANT  BIOLOGY  107 

and  McAlister,  these  studies  did  not  eventually  lead  to  isolation 
and  characterization  of  the  associated  pigments,  although  they  did 
spawn  an  enormous  literature  concerning  processes  regulated  by 
blue  light.  Indeed  even  today,  opinion  is  widely  divided  on  the 
identity  of  the  blue-light-absorbing  molecule.  Needless  to  say,  in 
the  absence  of  precise  information  about  the  photoreceptor  (or 
photoreceptors,  for  there  is  almost  certainly  more  than  one),  it  is 
difficult  to  learn  much  about  the  chain  of  events  leading  from 
stimulus  to  response  in  any  but  the  most  indirect  fashion. 

We  have  recently  been  studying  a  phenomenon  that  we  hope 
will  finally  lead  to  the  definitive  characterization  of  a  blue  light 
photoreceptor.  It  has  been  known  for  a  long  time  that  the 
attachment  of  one  or  more  phosphates  to  a  given  protein  can 
determine  whether  that  protein  is  functionally  active.  For  example, 
some  enzymes  are  only  active  when  phosphate  is  bound  to  them, 
others  active  only  when  it  is  absent.  In  some  complicated  cases, 
phosphorylation  of  certain  sites  activates  an  enzyme,  while 
phosphorylation  of  other  sites  inactivates  it.  Hence,  we  have  been 
studying  the  effect  of  light  on  protein  phosphorylation,  since  it 
provides  a  possible  mechanism  through  which  an  external  signal 
such  as  light  could  be  transduced  into  a  biological  response  such 
as  phototropism. 

We  have  had  the  good  fortune  to  find  a  protein,  located  in  the 
outer  cell  membrane  (plasma  membrane)  of  dark-grown  seedlings, 
which  becomes  phosphorylated  when  the  seedlings  are  exposed  to 
blue  light.  It  is  not  necessary,  however,  to  irradiate  the  seedling 
itself  to  phosphorylate  the  protein.  We  can  isolate  and  purify 
plasma  membranes  from  any  of  a  number  of  dark-grown  plants, 
irradiate  these  membranes  directly  with  blue  light,  and  drive  the 
phosphorylation  by  adding  the  phosphate  donor  molecule  ATP. 
Even  more  important,  we  can  dissolve  the  plasma  membranes 
with  mild  detergent  and  still  drive  the  phosphorylation  with  blue 
light,  with  no  reduction  in  overall  efficiency.  Hence  within 
individual  detergent-protein  particles  (micelles)  we  must  have  a 
minimum  of  three  components:  the  protein  that  becomes 
phosphorylated,  the  enzyme,  or  kinase,  required  to  perform  the 
phosphorylation,  and — most  important  of  all — the  photoreceptor 
itself.  We  are  still  exploring  whether  these  three  components  are 
functions  of  three  separate  proteins  or  whether  two  or  even  all 
three  functions  could  be  the  property  of  a  single  protein  molecule. 

We  have  recently  demonstrated  that  the  protein  that  becomes 
phosphorylated  also  possesses  a  site  for  binding  ATP.  Since  in 
order  for  ATP  to  donate  phosphate  to  a  protein  it  must  associate 
with  such  an  ATP  binding  site  on  a  kinase,  the  obvious  implication 
is  that  the  large  protein  itself  is  the  kinase,  and  that  it  acts  by 
autophosphorylation  upon  excitation  of  the  photoreceptor.  We  are 
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currently  testing  this  model.  We  also  do  not  yet  know  whether  the 
photoreceptor  moiety  is  a  separate  protein,  but  experiments  are 
under  way  to  address  this  question.  In  either  case,  having  the 
system  functional  in  soluble  form  provides  an  excellent 
opportunity  to  purify  and  characterize  the  components  involved. 

We  have  learned  a  great  deal  of  basically  dull  but  essential 
information  about  the  kinase  activity — its  tolerance  to  different 
hydrogen  ion  concentrations  (pH,  optimal  near  neutrality),  the 
ions  it  does  or  doesn't  require  (requires  magnesium  but  not 
calcium,  and  is  inhibited  by  anions  such  as  chloride,  nitrate,  and 
sulfate),  the  amino  acid  it  phosphorylates  (serine),  a  minimum 
estimate  for  the  number  of  amino  acids  phosphorylated  (probably 
in  the  dozens),  and  its  response  to  various  inhibitors. 

We  have  also  learned  a  lot  about  the  photobiology  of  the 
system.  Its  light  sensitivity,  tissue  distribution,  dark  recovery  to  an 
unphosphorylated  state  in  the  plant,  and  other  properties  lead  us 
to  believe  that  the  system  represents  an  early  step  in  the 
phototropism  transduction  chain — that  chain  of  events  leading 
from  photoexcitation  to  the  final  biological  response.  We  can  show 
that  the  solubilized  system  has  its  own  kind  of  memory:  we  can 
irradiate  the  solution  and  wait  several  minutes  before  adding  ATP 
and  still  see  the  effect  of  light.  This  property  indicates  that  there 
must  be  stable  intermediate  forms  that  should  be  accessible  for 
study. 

Another  kind  of  experiment  indicates  the  presence  of  a  stable 
intermediate  following  photoexcitation  of  the  system.  Plasma 
membranes  from  both  maize  and  pea  respond  to  blue  light  by  a 
strong  increase  in  phosphorylation  of  a  single  large  protein.  The 
two  proteins  are  of  different  sizes  and  hence  can  be 
unambiguously  distinguished  on  gel  electrophoresis,  a  technique 
in  which  large  proteins  migrate  more  slowly  down  a  gel  than  small 
proteins  under  an  applied  voltage.  Thus  the  maize  protein,  being 
the  smaller  one,  moves  faster  than  the  pea  protein.  We  now  can 
take  dissolved  membranes  from  maize  and  irradiate  them,  add 
non-irradiated  membranes  from  pea,  and  then  add  ATP  and  look 
for  phosphorylation.  Despite  the  fact  that  it  was  never  irradiated, 
some  of  the  pea  protein  becomes  phosphorylated,  indicating  not 
only  that  the  maize  protein  has  stored  a  light  signal,  but  that  the 
light-sensitive  components  of  the  systems  from  these  two 
unrelated  plants  have  sufficient  similarity  to  permit  some  kind  of 
cross- talk. 

There  are  two  simple  models  to  explain  the  light-induced 
phosphorylation  increase:  light  either  causes  exposure  of  the 
phosphorylation  sites  to  kinase  action  or  it  activates  the  kinase. 
The  above  mixing  experiments  unambiguously  support  the  second 
alternative:  the  pea  protein  never  saw  light,  but  was  nevertheless 
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phosphorylated  by  the  solubilized  and  light-activated  maize 
membranes. 

Finally,  we  are  in  a  strong  position  to  characterize  the 
light-absorbing  moiety  (chromophore)  of  the  photoreceptor  itself. 
Since  we  can  drive  the  reaction  in  solution  with  light,  we  can  add  a 
variety  of  inhibitors  or  agonists  to  study  their  effect  on  the 
reaction.  Evidence  to  date  obtained  with  inhibitors  strongly 
suggests  that  a  riboflavin-like  molecule  attached  to  a  protein  is  the 
chromophore.  Indeed,  isolated  plasma  membranes  that  have  been 
dissolved  in  relatively  harsh  detergents  show  the  typical 
fluorescence  to  be  expected  of  a  denatured  flavoprotein. 
Compounds  known  to  quench  flavin  fluorescence  also  quench  this 
fluorescence. 

It  is  our  hope  in  the  coming  year  to  isolate  and  purify  the 
protein  or  proteins  involved,  and  obtain  information  on  their 
polypeptide  sequences.  Such  information  will  allow  the  powerful 
tools  of  molecular  biology  to  unravel  the  structure  and  function  of 
the  system  in  transducing  light  signals  into  a  specific  growth 
response. 

The  bulk  of  the  studies  on  pea  membranes  have  been  carried 
out  by  Timothy  W.  Short,  who  recently  completed  his  doctorate  in 
my  laboratory,  together  with  Markus  Porst,  a  visiting  German 
undergraduate  student  from  the  University  of  Erlangen.  Much  of 
the  maize  work  has  been  done  by  Julie  Palmer,  and  the 
fluorescence  work  by  Katherine  M.  F.  Warpeha.  The  investigations 
of  interactions  between  species  were  carried  out  by  Philippe 
Reymond.  In  the  few  months  since  Palmer,  Warpeha,  and 
Reymond  joined  our  laboratory  as  postdoctoral  fellows  and 
associates,  there  has  been  a  great  deal  of  collaboration,  and  there 
will  be  several  multi-authored  papers  as  a  result. 
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Short  Reports 


Arthur  R.  Grossman:  Getting  Along 
When  Nutrients  Are  Scarce. 

Microorganisms  have  evolved  a  num- 
ber of  strategies  for  coping  with  limitations 
in  nutrients  such  as  phosphate,  sulfate,  or 
nitrogen.  The  cyanobacteria  (blue-green 
algae)  have  turned  out  to  be  excellent 
subjects  for  studying  these  strategies.  They 
provide  relatively  accessible  systems  in 
which  nutrient  limitation  leads  to  dramatic 
changes  in  gene  expression.  One  species 
under  study  is  the  cyanobacterium 
Synechococcus  sp.  strain  PCC  7942.  In  res- 
ponse to  phosphorus  limitation,  a  common 
condition  in  both  aquatic  and  terrestrial 
environments,  this  organism  is  known  to 
synthesize  a  specific  enzyme,  alkaline  phos- 
phatase, and  secrete  it  into  a  space  just  out- 
side the  cell  membrane.  The  alkaline  phos- 
phatase cleaves  phosphate  from  a  wide 
range  of  organic  compounds  in  the  environ- 
ment surrounding  the  cyanobacterium, 
thereby  releasing  phosphorus  in  a  form 
that  can  readily  be  taken  in  through  the  cell 
membrane  and  utilized. 

Jill  Ray  and  Devaki  Bhaya  have  iso- 
lated and  characterized  the  gene  encoding 
this  alkaline  phosphatase.  This  gene  has 
proven  to  be  fascinating  both  with  respect 
to  its  regulation  and  the  structure  of  the 
protein  it  encodes.  The  enzyme  protein  is 
composed  of  a  number  of  domains  and 
amino  acid  sequence  motifs  that  suggest  an 
interesting  evolutionary  history.  It  contains 
regions  similar  to  regions  on  a  subunit  of 
an  ATPase,  a  class  of  enzymes  that  cleaves 
ATP  to  provide  energy  to  drive  a  wide 
range  of  biological  processes.  It  also  has 
motifs  similar  to  those  on  kinases — en- 
zymes that  phosphorylate  proteins  and 
small  organic  molecules,  a  process  of  great 
importance  in  both  metabolic  and 
regulatory  processes  (see  pp.  106-109). 
Finally  there  are  the  specific  phosphate- 
binding  domains  that  provide  the  enzyme 


with  the  capacity  to  cleave  phosphate  from 
molecules  in  the  environment. 

Olle  Bjorkman:  Growing  Cotton  in  a 
Saline  World. 

A  severe  environmental  stress  that 
plants  may  encounter  in  many  locales  is 
high  salinity.  Postdoctoral  fellow  Enrico 
Brugnoli  and  I  recently  completed  a  com- 
prehensive study  of  the  effect  of  increased 
salinity  (up  to  55%  of  full-strength  natural 
seawater)  on  the  growth  of  cotton.  Al- 
though the  higher  salinities  strongly 
reduced  shoot  growth  rate,  the  plants  were 
able  to  complete  their  life  cycles  and  set 
seed  even  under  the  most  extreme  condi- 
tions. With  increased  salinity  the  plants  al- 
locate far  more  resources  to  making  roots, 
but  there  was  an  overall  reduction  in 
biomass  production  as  well,  reflecting  a  far 
lower  daily  rate  of  photosynthesis  per  unit 
of  leaf  area.  Interestingly  enough,  even 
with  a  dramatic  increase  in  content  of 
sodium  in  leaves  grown  with  the  higher 
salinities,  potassium  concentrations 
remained  normal.  Hence  there  must  have 
been  a  large  increase  in  the  selectivity  of 
the  roots  for  the  net  uptake  of  potassium/ 
sodium  ions  with  increased  salinity.  The 
water-use  efficiency  (amount  of  water  lost 
per  unit  of  CO2  fixed)  actually  increased  at 
the  higher  salinities.  We  conclude  that 
these  observed  responses  to  increased 
salinities  probably  reflect  the  operation  of 
adaptive  processes  that  enable  this  species 
to  grow  and  reproduce  even  under  extreme- 
ly unfavorable  conditions. 

Christopher  B.  Field:  Photosynthetic 
Properties  of  a  Whole  Field  of  Annual 
Grasses. 

In  ecophysiology  today,  many  of  the 
primary  challenges  involve  extending 
mechanistic  interpretations  developed  at 
the  scale  of  a  single  cell  or  leaf  to  the  level 
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of  the  whole  plant,  the  ecosystem,  or  even 
the  entire  globe.  This  extension  offers  the 
hope  of  understanding  the  mechanisms  un- 
derlying a  range  of  very-large-scale  ecologi- 
cal processes,  from  our  understanding  of 
the  small-scale  mechanisms.  Progress  in 
this  upward  integration  depends  on  advan- 
ces both  in  the  theory  for  the  integration 
and  in  the  development  of  large-scale  data 
sets  for  testing  the  theoretical  postulates. 
We  have  been  using  the  eddy  correlation 
technique,  a  meteorological  method  for  ob- 
taining flux  measurements  from  whole 
canopies,  to  compile  one  of  the  first  com- 
plete data  sets  extending  throughout  an 
entire  growing  season  for  water  and  CO2 
fluxes  in  an  area  of  annual  grassland. 

We  have  also  compared  the  measured 
CO2  fluxes  with  locally  measured  analogs 
of  the  vegetation  indices  available  from 
satellites.  (These  indices  provide  a  measure 
of  the  extent  of  ground  cover  by  vegeta- 
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tion.)  The  comparison  directly  confirms  the 
close  correlation  between  the  vegetation 
index  and  canopy  photosynthesis.  This  con- 
firmation will  greatly  increase  the  utility  of 
the  vegetation  index  as  a  predictor  of 
photosynthesis,  at  least  for  grassland 
ecosystems. 

Christopher  B.  Field:  Measuring  Gas 
Exchange  by  Whole  Oak  Trees. 

An  effort  to  use  mechanisms  well  un- 
derstood on  a  small  scale  to  analyze  and 
predict  phenomena  operating  on  a  much 
larger  scale  is  seen  in  graduate  student 
Michael  Goulden's  doctoral  research. 
Goulden  seeks  to  integrate  information 
from  leaves  to  whole  plants;  especially  for 
trees,  however,  the  technical  challenge  of 
whole-plant  measurements  has  severely 
constrained  prospects  for  validating  scaling 
approaches.  Goulden  has  reshaped  those 
constraints  with  a  series  of  experiments  on 
whole-plant  gas  exchange  in  co-occurring 
evergreen  oaks  differing  in  rooting  depth. 
With  continuous  measurement  of  sap  flow 
(using  an  approach  analogous  to  installing 
an  electronic  water  meter  in  a  tree  trunk), 
Goulden  found  that  the  two  species  under 
study  differ  consistently  in  their  pattern  of 
water  use  and  that  individuals  within  a 
species  display  very  different  courses  of 
seasonal  activity.  These  individual-to-in- 
dividual differences  sharply  challenge  the 
prevailing  view  that  it  is  possible  to  scale 
from  leaves  to  canopies  without  consider- 
ing the  varied  behavior  of  individual 
plants,  and  may  lead  to  a  fundamental 
rethinking  of  the  best  approach  for  develop- 
ing a  mechanistic  model  for  ecosystem  gas 
exchange. 

Joseph  A.  Berry:  Atmosphere- 
Biosphere  Interactions. 

Meteorologists  have  long  recognized 
that  the  vegetation  cloaking  the  land  sur- 
face has  a  strong  influence  on  the  local  and 
even  the  regional  climate.  Conversely, 
biologists  have  a  complementary  interest  in 
the  influence  of  climate  on  vegetation.  We 
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know  that  plants  are  not  just  affected  by 
climate,  they  also  affect  it.  Recent  interest 
in  climatic  change  has  highlighted  the  pos- 
sibility that  the  vegetation-climate  system 
may  participate  in  complex  feedback 
mechanisms  which  dampen  or  amplify  the 
effects  of  climatic  perturbations  (e.g.,  chan- 
ges in  CO2  concentration,  changes  in  land- 
or  water-use  patterns,  or  long-term  chan- 
ges in  the  geometry  of  the  Earth's  orbit).  It 
is  necessary  to  attack  the  interdependence 
of  climate  and  vegetation  if  we  are  to  make 
much  progress  in  understanding  these  feed- 
back systems.  This  year,  much  of  the  effort 
of  our  group  has  been  focused  on  develop- 
ment of  a  model  that  can  be  used  in  the  con- 
text of  large-scale  atmospheric  models  to 
calculate  a  set  of  surface  boundary  condi- 
tions mutually  consistent  with  the  state  of 
the  atmosphere  and  the  properties  of  the 
vegetation.  This  kind  of  effort  may  be  con- 
trasted with  the  usual  approach  (either 
meteorological  or  biological)  of  prescribing 
these  boundary  conditions.  This  work  is 
part  of  an  interdisciplinary  team  headed  by 
Piers  Sellars  of  NASA's  Goddard  Space 
Flight  Center.  Carnegie  participants  in- 
clude James  Collatz  and  Joseph  Berry,  who 
are  developing  models  that  simulate  the 
physiological  responses  of  plants  that  con- 
trol photosynthesis,  water  use,  and  the  ex- 
change of  heat  by  canopies  of  leaves;  Chris- 
topher Field,  who  is  developing  models  of 
respiration  and  nutrient  use  by  ecosystems; 
and  Gregory  Colello  (in  collaboration  with 
David  Randall  of  Colorado  State  Univer- 
sity), who  is  interfacing  these  models  with 
an  atmospheric  general  circulation  model. 


These  studies  draw  heavily  on  the  tradition 
of  the  Department  of  Plant  Biology  in 
studies  of  photosynthesis  and  physiologi- 
cal plant  ecology. 

Neil  E.  Hoffman:  Chloroplast  Protein 
Navigation. 

Chloroplasts,  the  organelles  in  plant 
cells  that  carry  out  the  complex  processes 
of  photosynthesis,  have  a  high  degree  of 
structural  organization.  Among  other 
things,  they  contain  three  discrete 
membrane  systems:  an  outer,  limiting 
membrane,  an  inner-envelope  membrane 
just  inside  of  the  outer  membrane,  and  an 
elaborate  system  of  internal  membrane 
vesicles  collectively  called  thylakoids.  Each 
of  these  membranes  has  its  own  specific 
complement  of  proteins.  We  are  currently 
investigating  how  proteins  are  integrated 
into  or  translocated  through  the  thylakoid 
membranes.  We  have  evidence  that  there 
are  proteins  within  the  thylakoid  mem- 
brane that  specifically  recognize  other 
thylakoid  proteins.  We  are  pursuing  the 
isolation  and  characterization  of  these 
"recognition"  proteins  to  determine  their 
role  in  directing  other  proteins  precisely  to 
their  final  port.  Our  long-range  goal  is  to 
understand  the  basis  for  the  specific  sorting 
of  proteins  to  the  three  types  of  mem- 
branes. To  this  end,  we  are  also  developing 
techniques  to  study  how  proteins  are 
routed  to  the  two  envelope  membranes  and 
to  the  thylakoids.  Participating  in  this  work 
are  postdoctoral  fellows  Zach  Adam  and 
Laiqiang  Huang,  and  graduate  student 
Amie  Franklin. 
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The  Director's  Introduction 

Developmental  biologists — the  modern  embryologists — have 
suddenly  realized  they  are  at  the  cutting  edge  of  the  most 
exciting  research  in  the  life  sciences.  For  those  of  us  who  have  been 
around  awhile,  our  surprise  is  rooted  in  many  years  of  seemingly 
ineffective  struggle  with  our  set  of  questions  while  we  watched 
investigators  in  other  fields  of  research  achieve  great  strides.  As 
recently  as  twenty  years  ago,  developmental  biology  was  a 
primitive  science.  Developmental  problems  and  questions  were  far 
too  complex  to  yield  more  than  descriptive  answers  and  were, 
therefore,  not  solvable  with  the  methods  of  the  great  scientific 
disciplines  such  as  chemistry,  biochemistry,  physics,  and 
genetics.  Now,  the  best  and  brightest  young  scientists,  excited  by 
the  tractability  of  developmental  biology  research,  are  turning  in 
our  direction. 

Consider  the  window  to  developmental  biology  presented  just 
by  this  small  department  alone.  We  are  asking  about  how  genes 
are  regulated,  i.e.  "differential  gene  action."  What  is  the  basis  of 
tissue  specificity,  of  developmental  specificity  on  a  time  axis? 
What  molecules  instruct  cells  to  specialize?  How  do  cells  migrate 
to  a  precise  position  during  embryogenesis?  What  is  the  role  of 
hormones  in  development?  How  do  molecules  enter  or  travel 
inside  cells  and  find  their  appropriate  location  in  a  particular  cell 
substructure?  How  does  a  cell  divide  and  partition  identical 
genetic  material  to  each  daughter  cell?  What  can  the  study  of 
evolution  tell  us  about  development,  and  vice  versa? 
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Columbia  University's  Thomas  Jessell,  left,  talks  to  a  participant  of  the 
Department's  fourteenth  annual  minisymposium,  "New  Advances  in  the 
Study  of  Mouse  Development." 

All  these  questions  lie  at  the  heart  of  embryology.  And  each  is 
under  investigation  by  one  or  more  of  our  staff,  who  have  real 
expectations  of  generating  useful,  if  not  definitive,  answers. 
Developmental  biology,  as  its  major  mysteries  become  reduced  to 
principles  of  physics  and  chemistry,  is  a  field  approaching  its 
denouement. 

Carnegie  Collection  of  Human  Embryos 

During  the  past  year,  Ronan  O'Rahilly  retired  from  his  position 
at  the  University  of  California,  Davis,  and  it  was  necessary  to  find 
a  new  home  for  the  embryo  collection.  There  were  several 
prominent  applicants,  but  we  chose  the  National  Museum  of 
Health  and  Medicine  of  the  Armed  Forces  Institute  of  Pathology, 
located  at  the  Walter  Reed  Army  Medical  Center  in  Washington, 
D.C.  The  Institute  has  one  of  the  largest  collections  of  human 
embryos  and  an  experienced  curatorial  staff  to  assist  investigators 
who  wish  to  use  the  collection.  All  inquiries  regarding  the 
Carnegie  Collection  should  be  addressed  to  Dr.  Adrianne  Noe, 
Assistant  Director  for  Collections  and  Research,  National  Museum 
of  Health  and  Medicine,  AFIP,  Washington,  DC  20306-6000. 

News  of  the  Department 

Se-jin  Lee,  a  staff  associate,  has  accepted  a  position  in  the 
Department  of  Molecular  Biology  and  Genetics,  Johns  Hopkins 
Medical  School.  He  made  outstanding  progress  in  two  short  years 
here  identifying  a  gene  that  encodes  a  new  member  of  the  TGF(3 
growth-factor  family.  This  gene  is  expressed  in  mammalian 
embryos  and  brain. 

Nipam  Patel  was  appointed  a  staff  associate  in  May  1991.  He 
received  his  Ph.D.  degree  from  the  University  of  California, 
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Berkeley,  studying  developmental  genes  in  Drosophila.  He 
proposes  to  study  homologs  of  these  genes  in  other  insects  having 
different  developmental  strategies. 

Our  extensive  seminar  program  was  highlighted  by  the 
Fourteenth  Annual  Carnegie  Minisymposium,  entitled  "New 
Advances  in  the  Study  of  Mouse  Development."  The  five  speakers 
provided  an  up-to-date  account  of  the  value  of  the  mouse  for 
studying  early  mammalian  embryogenesis. 

Support  of  research  in  the  Department  comes  from  a  variety  of 
sources.  Steven  McKnight,  Allan  Spradling,  and  various  members 
of  their  labs  are  employees  of  the  Howard  Hughes  Medical 
Institute.  We  are  grateful  recipients  of  individual  grants  from  the 
National  Institutes  of  Health,  the  Leukemia  Society  of  America,  the 
American  Cancer  Society,  the  National  Science  Foundation,  the 
Jane  Coffin  Childs  Memorial  Fund,  the  Helen  Hay  Whitney 
Foundation,  the  Damon  Runyon-Walter  Winchell  Cancer  Fund, 
the  Rita  Allen  Foundation,  the  Life  Sciences  Research  Foundation, 
and  the  March  of  Dimes.  A  grant  to  purchase  small  instruments 
and  a  Biomedical  Research  Support  Grant  to  the  Department  from 
the  National  Institutes  of  Health  are  gratefully  acknowledged.  We 
remain  indebted  to  the  Lucille  P.  Markey  Charitable  Trust  for  its 
support. 

— Donald  D.  Brown 


Molecular  Mechanisms  of  Mitosis 

by  Douglas  Koshland 

Our  laboratory  is  interested  in  understanding  mitosis,  the 
process  that  ensures  proper  segregation  of  chromosomes 
when  a  eukaryotic  cell  divides.  Chromosomes  are  complex 
macromolecules  composed  of  DNA  and  proteins.  The  DNA 
component  encodes  the  information  needed  for  executing  all 
essential  processes  of  living  cells.  When  a  cell  divides  to  produce 
two  progeny  cells,  the  viability  of  each  progeny  cell  requires  that  it 
inherit  exactly  one  complete  set  of  chromosomes.  Cells  with  too 
few  or  too  many  chromosomes  have  an  imbalance  of  information 
and  often  die. 

The  general  mechanism  for  the  transmission  of  chromosomes 
from  parental  cell  to  progeny  cells  is  the  same  for  all  eukaryotic 
cells,  from  fungal  to  human.  During  a  cell  cycle,  each  chromosome 
is  first  replicated  to  result  in  two  identical  copies.  The  replicated 
chromosomes  (sister  chromatids)  become  joined  to  each  other  as 
they  are  formed.  Then,  during  mitosis,  each  pair  attaches  to  an 
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elaborate  segregation  machinery,  the  spindle  (Fig.  1).  Forces 
exerted  on  the  sister  chromatids  separate  them  and  pull  them  to 
opposite  poles  of  the  cell.  The  cell  then  pinches  in  two  along  the 
plane  of  cell  division,  which  ensures  that  sister  chromatids  are 
incorporated  into  separate  progeny  cells. 

A  major  discovery  in  the  study  of  mitosis  was  that  spindles 
contained  microtubules — filamentous  polymers  of  the  protein 
tubulin.  It  was  shown  that  one  end  of  every  microtubule  is 
attached  to  the  spindle  pole,  while  the  other  end  attaches  at  one  of 
several  places.  Microtubules  whose  other  ends  attach  to  the 
chromatid  do  so  at  a  specialized  structure,  the  kinetochore,  and  are 
called  kinetochore  (k)  microtubules.  Microtubules  whose  other 
ends  interdigitate  with  microtubules  from  the  opposite  spindle 
poles  are  called  non-kinetochore  (nk)  microtubules.  Microtubules 
whose  other  ends  extend  away  from  the  central  spindle  toward  the 
cell  periphery  are  called  astral  microtubules. 

Having  identified  these  three  sets  of  microtubules,  researchers 
next  turned  to  defining  the  role  of  each  in  mitosis.  At  the 
beginning  of  mitosis,  one  of  the  kinetochores  of  each  pair  of  sister 
chromatids  becomes  attached  to  k-micro tubules.  This 
arrangement,  attachment  of  the  kinetochore  to  k-microtubules 
from  only  one  pole,  is  unstable.  Eventually,  however,  the  other 
kinetochore  of  each  pair  attaches  to  k-microtubules  emanating 
from  the  opposite  pole.  Sister  chromatids  experience  force  when 
they  attach  to  k-microtubules.  When  attachment  is  bipolar  (i.e., 
when  both  kinetochores  are  attached),  the  force  on  one  sister 
chromatid  opposes  the  force  on  the  other,  and  the  pair  experiences 
tension.  This  tension  apparently  stabilizes  the  attachment  of  the 
kinetochores  to  the  k-microtubules,  locking  in  the  bipolar 
attachment. 

When  all  pairs  of  sister  chromatids  have  achieved  bipolar 
attachment,  a  signal  is  sent  to  dissolve  the  molecular  connection 
between  sister  chromatids.  Once  unjoined,  the  sister  chromatids 
move  apart  from  each  other,  as  a  consequence  of  two  actions.  First, 
each  sister  chromatid  moves  toward  the  pole  of  the  spindle  to 
which  its  kinetochore  microtubules  reach  (Fig.  1).  Concomitant 
with  this  movement,  the  k-microtubules  shorten  by  loss  of  tubulin 
subunits  (i.e.,  depolymerization)  from  the  end  closest  to  the 
kinetochore.  Second,  the  spindle  itself  elongates,  moving  the  poles 
apart.  Studies  on  spindle  elongation  in  vitro  suggest  that 
elongation  can  occur  by  the  sliding  of  nk-microtubules  past  each 
other.  However,  in  vivo  analysis  of  spindle  elongation  suggests 
that  forces  on  the  astral  microtubules  pull  the  poles  apart  and  thus 
may  also  contribute  to  spindle  elongation.  The  final  position  of  the 
sister  chromatids  in  the  cell  depends  not  only  on  the  extent  of 
these  two  actions  but  also  on  the  orientation  of  the  spindle  within 
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Fig.  1.  Schematic  presentation  of  mitosis.  Above:  replicated  chromosome 
pair  (sister  chromatids)  joined  to  spindle.  Below:  sister  chromatids  are 
drawn  to  opposite  poles  and  spindle  elongates  prior  to  cell  division. 


the  cell.  Several  different  types  of  experiments  suggest  that  the 
astral  microtubules  are  essential  for  positioning  the  spindle  within 
cells  of  the  nematode  C.  elegans  and  the  frog  X.  laevis. 

The  movements  of  chromosomes,  spindle  poles  (spindle 
elongation),  and  the  entire  spindle  (spindle  orientation)  require 
forces  of  specific  magnitudes  and  vectors.  The  microtubules  are 
probably  involved  in  generating  these  forces,  and  recent  evidence 
indeed  shows  that  several  mechanisms  exist  for  generating 
microtubule-related  forces. 

For  example,  two  families  of  proteins,  kinesins  and  dyneins, 
have  been  shown  to  bind  to  microtubules,  converting  chemical 
energy  to  mechanical  force.  These  proteins  move  along 
microtubules  like  a  train  engine  on  a  railway  track,  and  their 
attachment  to  kinetochores  could  produce  chromatid  movement 
along  the  microtubules.  Or,  these  proteins  could  attach  to  parallel 
nk-microtubules,  causing  them  to  slide  by  each  other  and  thus 
elongating  the  spindle.  Consistent  with  these  models,  kinesins  and 
dyneins  have  been  observed  asociated  both  with  kinetochores  and 
nk-microtubules. 

In  addition,  the  loss  of  tubular  subunits,  or  depolymerization, 
in  k-microtubules  (at  the  ends  attached  to  the  kinetochores)  has 
been  shown  to  be  sufficient  to  move  chromosomes  to  the  spindle 
poles.  Finally,  by  analogy,  assembly  and  disassembly  of  astral  and 
nk-microtubules  could  also  play  roles  in  spindle  elongation  and 
orientation. 

While  these  considerations  provide  clues  to  how  mitosis 
proceeds,  they  also  raise  many  questions.  Which  of  these 
force-generating  mechanisms  are  actually  required  for  the  proper 
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movement  of  chromosomes,  spindle  poles,  and  spindles,  and 
which  are  peripheral  or  irrelevant?  How  are  these  forces  generated 
at  the  molecular  level?  How  does  tension  stabilize  microtubule 
kinetochore  interactions?  How  does  the  cell  coordinate 
chromosome,  spindle  pole,  and  spindle  movement  within  the  cell 
cycle?  How  do  the  spindle  and  kinetochore  assemble? 

The  answers  to  these  questions  certainly  will  provide  insight 
into  mitosis  as  well  as  into  important  aspects  of  embryogenesis, 
since  the  components  and  principles  that  govern  mitosis  have  been 
usurped  for  development  of  many  multicellular  organisms.  For 
example,  spindle  orientation  in  developing  embryos  is  used  to 
dictate  the  pattern  of  cell  division,  parceling  embryo  components 
that  provide  information  for  the  embryo's  subsequent  proper 
spatial  organization  (such  as  formation  and  positioning  of  organs). 
In  addition,  understanding  the  regulation  of  microtubule  assembly 
in  mitosis  will  probably  provide  insight  into  their  assembly  in 
neurons,  where  microtubules  are  essential  in  proper  growth  of 
neuronal  processes. 

In  our  laboratory,  we  have  chosen  to  study  mitosis  in  the 
budding  yeast  Saccharomyces  cerevisiae  (baker's  yeast).  Over  the  last 
decade,  the  cell  cycle  of  this  simple,  unicellular  fungus  has  been 
shown  to  be  remarkably  similar  to  the  cell  cycle  of  all  eukaryotic 
cells,  including  those  in  multicellular  organisms,  even  humans. 
The  disadvantage  of  this  organism  in  studying  mitosis  is  that  its 
cells  are  very  small,  precluding  the  use  of  many  classical 
cytological  methods.  However,  the  sophisticated  classical  genetic 
and  recombinant  DNA  methods  available  with  this  yeast  make  up 
for  its  cytological  shortcomings.  Genetic  methods  are  particularly 
valuable  in  dissecting  processes,  like  mitosis,  involving  complex 
macromolecular  structures  and  functions.  Furthermore,  new 
cytological  methods  are  sufficiently  powerful  that 
more-sophisticated  cytological  analyses  of  yeast  mitosis  are  now 
feasible  (see  below).  Finally,  it  is  possible  to  grow  very  large 
quantities  of  yeast  cells,  thus  providing  enough  starting  material 
to  biochemically  identify  and  characterize  cellular  components, 
including  those  required  for  mitosis. 

We  have  exploited  the  genetic,  biochemical,  and  new 
cytological  methods  to  address  three  questions  about  mitosis.  (1) 
How  does  the  cell  regulate  chromosome  replication  to  ensure  that 
the  correct  number  of  chromosomes  are  present  at  the  beginning  of 
mitosis?  (2)  How  does  the  kinetochore  function  at  the  molecular 
level?  And  (3),  how  is  spindle  orientation  determined?  A  brief 
summary  of  our  results  and  conclusions  are  presented  below. 

Cells  must  replicate  each  chromosome  once  and  only  once 
prior  to  mitosis  to  ensure  that  during  mitosis  the  spindle  has 
exactly  two  complete  sets  of  chromosomes.  In  yeast,  as  in  many 
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organisms,  replication  of  a  chromosome  starts  at  specific 
chromosomal  locations  and  then  spreads,  or  elongates,  to  complete 
replication  of  the  rest  of  the  chromosome.  These  locations  are 
determined  by  specific  nucleotides  in  the  DNA,  and  are  called 
origins  of  replication.  Analyses  of  viral  and  bacterial  replication 
suggest  that  eukaryotic  cells  like  yeast  require  specific  proteins  to 
initiate  and  elongate  chromosome  replication.  Furthermore,  these 
analyses  suggest  that  the  number  of  times  a  chromosome 
replicates  is  controlled  by  proteins  that  control  the  initiation  of 
replication. 

Eileen  Hogan  in  my  lab  has  sought  to  identify  these  initiation 
proteins  by  a  genetic  approach.  She  identified  mutants  of  yeast 
that  were  able  to  replicate  DNA  at  23  °C  but  not  at  36  °C.  We 
hypothesized  that  some  of  these  mutants  might  be  defective 
because  they  produce  fewer  or  partially  defective  initiation 
proteins,  which  then  have  difficulty  finding  origins.  If  this  was  the 
case,  then  chromosomes  having  more  origins  might  have  better 
success  at  capturing  these  initiation  proteins  and  replicating.  To 
test  this  hypothesis,  Hogan  added  additional  origins  to  a 
chromosome  by  recombinant  DNA  technology.  She  then  asked 
whether  the  chromosomes  having  extra  origins  replicated  better 
than  chromosomes  having  only  one.  By  this  method,  she 
discovered  two  genes,  CDC6  and  CDC14,  whose  protein  products 
apparently  interact  with  origins.  CDC6  protein  acts  at  the  time  in 
the  cell  cycle  when  chromosome  replication  begins.  It  is  therefore  a 
good  candidate  for  a  protein  that  participates  in  the  initiation  of 
the  replication  process.  CDC14  protein  acts  late  in  the  cell  cycle, 
after  the  completion  of  chromosome  replication  and  segregation. 
This  surprising  result  suggests  that  the  cell  prepares  for  initiation 
of  the  next  cell  cycle  by  assembling  a  pre-initiation  complex  late  in 
the  previous  cell  cycle.  The  CDC14  protein  apparently  participates 
in  assembling  this  complex.  By  pursuing  molecular  and  genetic 
analyses  of  the  CDC6  and  CDC14  products,  we  hope  to  provide 
further  insights  into  the  process  of  initiation,  and  to  learn  how 
chromosome  replication  is  controlled. 

Saccharomyces  cerevisiae  provides  a  promising  system  in  which 
to  pursue  a  molecular  analysis  of  kinetochore  function.  The  DNA 
component  of  its  kinetochore  is  small  (approximately  120  base 
pairs)  and  is  organized  into  three  simple  kinetochore  DNA 
elements:  CDE  I,  CDE  II,  and  CDE  III.  Furthermore,  each  sister 
kinetochore  appears  to  bind  only  one  microtubule  in  vivo.  These 
results  suggest  that  kinetochores  in  yeast  are  perhaps  structurally 
and  functionally  simpler  than  kinetochores  in  many  other 
eukaryotes,  and  therefore  may  be  more  amenable  to  immediate 
molecular  analysis.  In  addition,  kinetochores  in  Saccharomyces 
cerevisiae  can  be  made  to  function  in  vivo  on  small,  recombinant 
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DNA  plasmids,  or  minichromosomes.  These  minichromosomes 
thus  provide  a  highly  enriched  source  of  kinetochores  and  have 
the  potential  to  be  excellent  biochemical  substrates  for  examining 
kinetochore  structure  and  function  in  vitro.  Mutations  in  yeast  that 
alter  kinetochore  DNA  function  have  already  been  isolated.  These 
mutations  provide  powerful  tools  for  developing  in  vitro  assays 
for  kinetochore  activities  and  for  assessing  the  relevance  of  these 
activities  to  in  vivo  function.  Finally,  study  of  the  regulation  of  the 
yeast  cell  cycle  has  generated  additional  biochemical  and  genetic 
tools  for  use  in  further  studies. 

To  begin  to  understand  kinetochore  function  at  the  molecular 
level,  Jeff  Kingsbury  in  my  laboratory  developed  a  method  several 
years  ago  for  lysing  yeast  cells  and  isolating  minichromosomes.  He 
assembled  microtubules  in  vitro  from  purified  bovine  tubulin,  and 
then  added  these  microtubules  to  a  solution  containing  the 
minichromosomes  hosting  yeast  kinetochores.  When  the  mixture 
was  subjected  to  centrifugation,  the  large  microtubules  fell  as 
sediment  to  the  bottom,  while  the  small  minichromosomes 
remained  in  solution  unless  they  were  bound  to  the  microtubules. 
Kingsbury  was  able  to  demonstrate  that  only  minichromosomes 
with  kinetochores  were  able  to  sediment  with  microtubules, 
thereby  indicating  specific  interaction  between  the  kinetochore  and 
the  microtubules. 

He  then  isolated  minichromosomes  containing  mutated 
nucleotide  sequences  of  the  kinetochores'  CDE  I,  CDE  II,  or 
CDE  III  elements.  He  found  that  mutations  in  CDE  II  and  CDE  III 
abolished  the  minichromosome's  ability  to  bind  microtubules  in 
vitro  and  to  segregate  properly  in  vivo.  These  results  suggested 
that  CDE  II  and  CDE  III  are  essential  for  the  binding  of  the 
kinetochore  to  microtubules.  However,  when  minichromosomes 
containing  normal  kinetochores  were  stripped  of  their  proteins,  the 
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"naked  DNA"  was  unable  to  bind  to  microtubules.  Thus  it 
appeared  that  CDE  II  and  CDE  III  elements  do  not  bind  directly  to 
microtubules  but  instead  bind  a  complex  of  proteins  that  in  turn 
bind  microtubules.  We  are  currently  trying  to  use  our  in  vitro 
system  to  identify  these  proteins. 

Finally,  Kingsbury  was  able  to  show  that  minichromosomes 
isolated  from  cells  during  mitosis  were  able  to  bind  microtubules 
efficiently,  while  those  isolated  from  cells  prior  to  chromosome 
replication  could  not.  Therefore,  the  kinetochore's  ability  to  bind 
microtubules  is  regulated  during  the  cell  cycle.  Recently, 
researchers  elsewhere  identified  a  protein  kinase,  CDC2,  which 
plays  an  important  role  in  regulating  events  in  all  eukaryotic  cell 
cycles.  We  are  currently  trying  to  determine  whether  this  kinase  is 
also  at  least  partly  responsible  for  regulating  the  kinetochore's 
ability  to  bind  microtubules. 

Yeast  cells  divide  by  forming  a  spherical  bud  on  the  surface  of 
the  old  (mother)  cell.  The  bud  eventually  pinches  off  to  form  a  new 
cell.  At  the  time  of  chromosome  segregation,  the  spindle  aligns  at 
the  isthmus  connecting  the  mother  cell  and  bud.  Thus,  when  the 
spindle  elongates,  one  set  of  chromosomes  segregates  to  the  pole 
of  the  bud  while  the  other  goes  to  the  pole  of  the  mother  cell. 
When  the  bud  pinches  off,  both  the  mother  cell  and  bud  have  a 
complete  set  of  chromosomes.  To  understand  how  spindle 
orientation  is  achieved,  Robert  Palmer  in  my  lab  has  examined 
chromosome  movement  in  yeast  by  using  available  mutants  and 
new  cytological  assays  that  we  developed  for  both  live  and  fixed 
cells.  He  showed  that  the  orientation  of  the  spindle  during  mitosis 
appears  to  be  a  dynamic  process,  the  spindle  migrating  back  and 
forth  between  the  mother  cell  and  bud.  In  a  mutant  unable  to  form 
astral  microtubules,  he  found,  the  spindle  becomes  misoriented. 

These  results  suggest  that  in  yeast,  as  in  other  organisms,  the 
astral  microtubules  are  responsible  for  orienting  the  spindle.  The 
astral  microtubules  in  other  organisms  appear  to  interact  with 
structures  at  the  cortex  (the  interior  of  the  cell  surface).  The  protein 
actin,  a  versatile  protein  which  can  form  filaments  and  other 
structures  within  the  cell,  appears  to  play  a  critical  role  in 
organizing  the  structures  at  the  cortex  and  in  generating  motility 
of  vesicles  within  the  cell.  Palmer  has  recently  shown  that  yeast 
cells  with  mutant  forms  of  actin  also  destroy  proper  spindle 
orientation.  These  results  provide  an  exciting  genetic  link  between 
astral  microtubules  and  actin — two  of  the  major  cytoskeletal 
systems  within  the  cell.  We  are  currently  trying  to  identify  the 
cellular  components  that  interface  between  actin  and  the  astral 
microtubules. 
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Developmental  Changes  in  Chromosome  Structure 

by  Allan  C.  Spradling 

While  an  organism  such  as  the  fruitfly  Drosophila  is 
developing  from  a  single  fertilized  egg  into  an  adult,  the 
DNA,  which  forms  the  backbone  of  each  cell's  chromosomes, 
undergoes  alterations.  The  changes  may  be  small,  as  when  a 
transposable  element  (comprising  approximately  0.005%  of  the 
chromosome)  excises  and  moves  to  a  new  location,  a  process  first 
described  by  Barbara  McClintock.  However,  more-substantial 
changes  also  occur.  In  certain  large  Drosophila  cells,  for  example, 
regions  at  the  tips  and  in  the  middle  of  the  chromosomes  become 
greatly  reduced,  as  part  of  a  complex  process  leading  to  the 
production  of  giant  "polytene"  chromosomes  (Fig.  1).  Biologists 
call  the  regions  that  decrease  "heterochromatin";  this  type  of  DNA 
comprises  a  substantial  but  mysterious  fraction  of  the 
chromosomes  of  most  higher  organisms.  Heterochromatin  has  no 
genes,  for  example,  in  contrast  to  normal  regions  of 
"euchromatin,"  and  consists  primarily  of  simple  repeated  DNA 
sequences.  Heterochromatin  is  discarded  and  degraded  in  cells 
during  the  development  of  a  variety  of  other  animals,  including 
nematodes,  copepods,  and  midges. 

Our  laboratory's  long-standing  interest  in  changes  within 
chromosomes  during  development  has  encompassed  previous 
studies  on  gene  amplification  and  transposable  elements.  Work 
during  the  last  several  decades  has  convinced  many  biologists  that 
heterochromatin  is  "junk  DNA/'  i.e.,  chromosomal  garbage  that 
has  accumulated  because  it  was  easier  for  the  cell  to  keep  than  to 
remove.  In  contrast,  our  recent  studies,  described  below,  have  led 
us  to  propose  a  very  different  view.  Changes  in  the  hetero- 
chromatic  regions  of  chromosomes  may  be  developmentally 
programmed  in  a  novel  manner  that  is  beneficial,  even  essential,  to 
produce  a  viable  adult  organism. 

It  is  very  difficult  to  study  directly  the  fate  of  heterochromatic 
chromosome  regions  during  development.  DNA  sequences  from 
these  regions  cannot  be  mapped  using  the  methods  employed  with 
DNA  encoding  normal  genes.  The  absence  of  maps  had  made  it 
impossible  to  look  for  small,  specific  changes  in  the  structure  of 
heterochromatic  regions  in  developing  cells.  However,  during  the 
last  five  years,  we  have  developed  new  methods  and  are  beginning 
to  overcome  these  problems. 

Gary  Karpen  succeeded  in  mapping  and  studying  the  smallest 
known  chromosome  from  a  multicellular  animal,  a  Drosophila 
"minichromosome"  called  Dpll87,  which  was  derived  by 
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Fig.  1.  Drosophila  chromosomes.  Approximately  half  of  the  X  chromosome 
from  a  polytene  cell  is  shown  (panel  a).  Giant  polytene  chromosomes  develop 
from  cells  that  originally  contained  chromosomes  like  those  pictured  in  panel 
b;  the  two  X  chromosomes  are  the  rightmost  of  the  four  pairs  in  this  cell.  In 
panel  c,  a  similar  preparation  is  shown  from  a  fly  that  also  contains  the 
Dpll87  minichromosome.  The  tiny  duplication  is  indicated  by  an  arrow.  The 
portion  of  the  normal  X  euchro matin  present  in  Dpi  187  is  shown  by  a  bar  in 
panel  a.  The  decrease  in  the  width  of  the  polytene  chromosome  at  its  tip  is 
probably  a  reflection  of  the  underrepresentation  we  have  studied. 


drastically  shortening  an  X  chromosome  using  X  rays  (Fig.  1). 
Karpen  was  able  to  map  Dpll87  DNA  using  the  pulsed-field 
electrophoresis  technique  (see  Year  Book  88,  pp.  17-18),  showing 
that  it  is  about  1,300,000  base  pairs  (1,300  kb)  in  length  (see  Fig.  2). 
(For  comparison,  the  normal  X  chromosome  spans  35,000  kb.)  He 
found  that  Dpll87  contains  50-100  kb  of  heterochromatin  at  the 
end  shown  on  the  left  in  Figure  2  ("telomeric  heterochromatin"), 
followed  by  about  200  kb  of  euchromatin  containing  nine  genes.  At 
this  point  (position  0  on  the  map  in  Fig.  2),  an  abrupt,  abnormal 
junction  (resulting  from  the  X-ray  treatment)  joins  the  euchromatin 
to  heterochromatin  normally  located  deep  within  the  basal 
heterochromatin  of  the  X  chromosome. 

Mapping  and  analysis  of  Dpi  187  was  greatly  assisted  by  a 
second  technique.  A  variety  of  workers,  including  Karpen,  John 
Tower,  Robert  Glaser,  Ping  Zhang,  Dianne  Thompson,  and  Nancy 
Craig  developed  methods  that  cause  a  specific  transposable 
element  called  the  "P  element"  to  insert  at  many  sites  on  Dpi  187. 
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They  discovered  that  numerous  insertions  occur  about  40  kb  from 
the  left  end  (telomere)  of  the  chromosome,  within  a  6-kb  region  we 
call  the  "hotspot."  It  was  possible  to  study  the  structure  and 
properties  of  Dpi  187  telomeric  heterochromatin  using  mini- 
chromosomes  bearing  hotspot  insertions. 

Using  these  tools,  we  have  begun  to  look  at  what  happens  to 
the  Dpi  187  chromosome  as  cells  develop.  Karpen  first  studied  the 
large,  polytene  cells,  where  it  was  known  that  the  number  of 
copies  of  centromeric  heterochromatin  (large  blocks  of  repeating 
DNA  usually  located  in  the  middle  of  chromosomes)  becomes 
reduced  relative  to  that  within  euchromatic  regions.  As  expected, 
Dpi  187  centromeric  heterochromatin  was  found  to  be 
underrepresented  in  such  cells,  and  it  was  possible  to  show  that 
decreases  also  occurred  in  telomeric  heterochromatin.  Surprisingly, 
however,  the  reductions  included  more  than  100  kb  of  the 
euchromatin  closest  to  the  abnormal  junction  (see  Fig.  2, 
"underrepresented  regions").  The  extent  of  those  reductions  varied 
from  cell  to  cell.  The  discovery  of  a  region  of  euchromatin  that 
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Fig.  2.  Structural  maps  of  the  minichromosome  Dpll87.  Above,  the  location  of 
heterochromatin  (shaded  boxes)  and  euchromatin  (solid  line)  along  a  DNA  map 
of  Dpll87  in  units  of  kilobase  pairs  (1  kb  =  1,000  nucleotide  base  pairs).  Four 
sites  cleaved  by  the  restriction  enzymes  NotI  and  Sfil  are  indicated  by  vertical 
lines.  Below,  an  expanded  map  of  the  left  third  of  the  chromosome.  The  cleavage 
sites  of  nineteen  additional  restriction  enzymes  are  shown.  The  location  of  the 
P-element  insertion  hotspot  ("20  kb"),  and  the  region  of  euchromatin  containing 
Dpll87's  nine  genes  ("genes:")  are  indicated.  Portions  of  the  chromosome  that 
become  "underrepresented"  in  polytene  cells  are  also  indicated. 
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became  underrepresented  in  polytene  cells  allowed  Robert  Glaser 
to  test,  for  the  first  time,  a  long-standing  model  explaining  how 
heterochromatic  sequences  become  reduced.  In  this  model,  DNA 
replication  fails  to  copy  the  heterochromatic  regions  during 
polytene  cell  growth.  However,  when  Glaser  looked  within  the 
affected  region  of  Dpll87,  the  stalled  replication  structures 
predicted  by  the  model  were  not  present.  Glaser  is  continuing  to 
test  related  models,  in  which  replicating  DNA  is  subsequently 
processed  into  new  structures;  so  far,  however,  no  evidence  for 
such  structures  has  been  found. 

The  reduction  of  copies  in  certain  Dpll87  regions  within 
polytene  cells  is  paralleled  by  the  reduced  expression  of  genes 
located  in  these  underrepresented  regions.  For  example,  the  yellow 
gene  controls  the  pigmentation  of  the  large  bristles  located  on  the 
leading  surface  of  the  wing.  These  bristles  are  normally  black,  but 
are  yellow  in  appearance  when  the  product  of  the  yellow  gene  is 
mutated.  The  pigmentation  varies  between  individual  bristle  cells 
when  the  yellow  gene  from  Dpll87  is  examined.  This  variegation  is 
consistent  with  the  idea  that  the  minichromosome  undergoes 
different  changes  in  DNA  structure  within  individual 
bristle-producing  cells.  These  changes  sometimes  delete  the  yellow 
gene  and  may  otherwise  disrupt  its  ability  to  function.  Since 
similar  variegation  of  yellow  expression  is  observed  in  the  small 
(presumably  diploid)  cells  that  produce  the  pigmented  cuticle, 
these  changes  are  unlikely  to  be  confined  to  large  polytene  cells. 

These  observations  led  us  to  propose  a  //somatic-elimination,, 
model  postulating  that  heterochromatic  DNAs  normally  undergo 
programmed  deletions  during  development.  Such  DNA 
elimination  most  simply  explains  our  results  with  Dpi  187,  and 
also  has  the  great  advantage  of  rationalizing  a  variety  of  other 
observations,  including  many  puzzling  aspects  of  polytene 
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chromosome  structure.  We  suggest  that  the  cell-to-cell  variability 
revealed  by  variegated  yellow  expression  is  caused  by  a  deletion 
mechanism  similar  to  that  controlling  transposable  element 
movement  within  cells.  A  balance  between  euchromatic  activator 
genes  and  heterochromatic  repressor  genes  would  govern  cleavage 
at  multiple  sites  within  the  heterochromatic  DNAs.  Some 
mechanism  would  have  to  exist  to  prevent  deletions  from 
initiating  in  germline  cells  that  contribute  to  subsequent 
generations. 

Why  would  cells  have  evolved  a  mechanism  designed  to 
rearrange  heterochromatic  sequences  through  selective  DNA 
deletions?  Some  aspects  of  gene  regulation  may  require  large-scale 
changes  in  the  disposition  of  chromosomes  within  the  nucleus,  and 
these  changes  may  best  be  regulated  by  such  modifications. 
Formation  of  the  nucleolus,  a  dense  body  in  the  nucleus  containing 
multiple  copies  of  rDNA,  potentially  provides  one  such  example. 
Different  rearrangements  of  the  heterochromatin  surrounding  the 
rDNA  gene  cluster  in  the  nucleolus  might  dictate  the  cell 
type-specific  morphology  and  the  activity  of  rDNA  genes.  The 
adjacent  heterochromatin  would  thus  truly  function  as  a 
"nucleolus  organizer/' 

We  are  currently  attempting  to  test  the  many  predictions  of  our 
somatic-elimination  model.  One  aspect  of  these  ideas  should  be  of 
particular  interest  to  readers  of  previous  Carnegie  Year  Books.  The 
somatic-elimination  model  could  potentially  provide  a  molecular 
mechanism  for  some  of  the  developmental  functions  of  controlling 
elements  reported  long  ago  in  these  pages  by  McClintock. 


Short  Reports 


Nina  V.  Fedoroff 

We  are  studying  the  mechanisms 
responsible  for  regulating  the  expression  of 
the  maize  Suppressor-mutator  transposable 
element.  We  are  also  developing  a 
transposon  tagging  system  for  use  in  iden- 
tifying Arabidopsis  thaliana  genes  whose  ex- 
pression is  important  in  development. 

Steve  McKnight 

My  colleagues  and  I  have  been  study- 
ing sequence-specific  DNA-binding 
proteins  that  cause  genes  in  mammalian 
cells  to  be  switched  on  or  off.  Much  of  our 
work  has  involved  the  purification  of  these 
"gene  regulatory  proteins,"  which  are 


present  at  fleetingfy  low  levels.  Once  such  a 
protein  is  purified,  it  is  possible  to  obtain 
molecular  reagents,  such  as  specific  anti- 
sera  and  recombinant  DNA  clones.  These 
reagents  open  doors  to  a  wide  variety  of 
biological  and  biochemical  experiments. 
We  are  particularly  interested  in  under- 
standing how  DNA-binding  proteins  as- 
sociate into  specific  oligomeric  complexes, 
often  composed  of  different  polypeptide 
chains.  We  anticipate  that  the  ordered  as- 
sembly of  these  protein  complexes  will 
reveal  important  clues  as  to  the  wiring  of 
gene  regulatory  circuits  in  complex 
eukaryotic  organisms. 
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Se-jin  Lee 

I  am  attempting  to  understand  how 
cell  differentiation  events  occurring  during 
mammalian  embryonic  development  are 
coordinated  by  extracellular  signaling 
molecules.  I  have  been  continuing  my 
studies  on  a  new  transforming  growth  fac- 
tor beta  family  member,  which  I  have  desig- 
nated GDF-1.  Recent  results  suggest  that 
this  new  family  member  is  expressed 
specifically  in  the  nervous  system,  where 
the  GDF-1  mRNA  contains  an  unusual  bi- 
cistronic  structure. 

Andrew  Z.  Fire 

Our  laboratory  has  continued  to  focus 
on  the  mechanisms  by  which  cells  choose  to 
adopt  specific  fates  during  embryonic 
development,  using  the  nematode  C. 
elegans  as  an  experimental  system  and 
focusing  on  muscle  cells.  Acquisition  of  cell 
fate  is  apparently  a  multi-step  process. 
Early  in  embryogenesis,  the  cell  maintains 
information  about  its  lineage  (how  it  fits 
into  the  overall  cell-division  pattern)  and 
position  (interactions  of  the  cell  with  its 
neighbors).  Later  in  embryogenesis,  the 
lineage  and  positional  information  is  trans- 
lated into  expression  of  tissue-specific 
regulatory  factors  which  lead  to  the  out- 
ward differentiation  of  cells.  We  have 
focused  on  several  genes  active  in  muscle 
cells  and  their  precursors.  Myosin  genes  en- 
code abundant  proteins  in  differentiated 
muscle  cells;  an  analysis  of  their  regulation 
has  identified  regulatory  signals  which 
reflect  the  positions  and  cell  fates  of  muscle 
cells.  Analysis  of  the  gene  encoding  C. 
elegans  myoD,  an  early  marker  charac- 
teristic of  muscle  cell  precursors,  has  iden- 
tified a  set  of  regulatory  signals  which 
reflect  the  lineages  of  the  expressing  cells. 
We  are  in  the  process  of  analyzing  the  na- 
ture of  these  signals  and  their  effects. 

Denise  J.  Montell 

We  are  using  a  molecular  genetic  ap- 
proach to  explore  the  mechanisms  that  con- 
trol specific  cell  migrations  during  develop- 


ment. As  a  model  system,  we  use  a  small 
subset  of  follicle  cells  in  the  ovary  of 
Drosophila  melanogaster.  Our  initial  studies 
demonstrated  that  these  cells,  called  the 
border  cells,  are  important  both  in  mor- 
phogenesis of  the  eggshell  and  in  signaling 
patterning  information  to  the  oocyte.  Fur- 
thermore, we  have  identified  a  gene  whose 
mutations  either  block  or  delay  the  specific 
migration  of  these  cells.  We  have  cloned  the 
gene,  called  slow  border  cells  (slbo),  and  are 
characterizing  it.  We  plan  to  look  for  other 
genes  that  interact  with  slbo  to  understand 
the  full  molecular  machinery  involved  in 
producing  coordinated  cell  migrations  in 
development. 

Richard  E.  Pagano 

This  past  year  we  synthesized  a  novel 
series  of  ceramide  analogs  bearing  the 
fluorophore  boron  dipyrromethene 
difluoride  (BODIPY),  and  evaluated  them 
both  as  vital  stains  for  the  Golgi  apparatus 
and  as  tools  for  studying  lipid  traffic  be- 
tween the  Golgi  apparatus  and  the  plasma 
membrane  of  living  cells  (/.  Cell  Biol.  113, 
1267-1279, 1991).  Studies  of  the  spectral 
properties  of  these  analogs  in  lipid  vesicles 
demonstrated  that  the  fluorescence  emis- 
sion maxima  were  strongly  dependent 
upon  the  molar  density  of  the  probes  in  the 
membrane.  This  was  especially  evident 
using  N-[5-(5,7-dimethyl  BODIPY)-l-pen- 
tanoyl]-D-erythrosphingosine  (C5-DMB- 
Cer),  which  exhibited  a  shift  in  its  emission 
maximum  from  green  (-515  nm)  to  red 
(-620  nm)  wavelengths  with  increasing  con- 
centrations. When  Cs-DMB-Cer  was  used 
to  label  living  cells,  this  shift  in  wavelength 
allowed  us  to  differentiate  membranes  con- 
taining high  concentrations  of  the  fluores- 
cent lipid  and  its  metabolites  from  other 
regions  of  the  cell  where  smaller  amounts 
of  the  probe  were  present.  Using  this  ap- 
proach, prominent  red  fluorescent  labeling 
of  the  Golgi  apparatus,  Golgi-apparatus-as- 
sociated  tubulovesicular  processes,  and 
putative  Golgi  apparatus  transport  vesicles 
were  seen  in  living  human  skin  fibroblasts, 
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as  well  as  in  other  cell  types.  Based  on 
fluorescence  ratio  imaging  microscopy,  we 
estimate  that  Cs-DMB-Cer  and  its  metabo- 
lites were  present  in  Golgi  apparatus 
membranes  at  concentrations  up  to  5-10 
mol  %.  In  addition,  the  concentration-de- 
pendent spectral  properties  of  Cs-DMB-Cer 
were  used  to  monitor  the  transport  of  C5- 
DMB-lipids  to  the  cell  surface  at  37 °C. 

Joseph  G.  Gall 

The  conversion  of  pre-messenger  RNA 
(pre-mRNA)  to  mature  mRNA  involves  the 
excision  of  specific  nucleotides  and  the 
splicing  together  of  originally  separated  se- 
quences. Our  group  is  studying  the  localiza- 
tion of  RNA-processing  components  in  the 
amphibian  oocyte  nucleus  in  order  to 
define  the  site(s)  where  pre-mRNA  process- 
ing takes  place.  By  in  situ  nucleic  acid 
hybridization  and  immunofluorescence 
microscopy,  we  have  demonstrated  that  a 
number  of  RNA-processing  components 
are  associated  with  the  nascent  pre-mRNA 
molecules  on  the  chromosomes.  These  in- 
clude five  small  nuclear  ribonucleoproteins 
(snRNPs,  or  "snurps")  as  well  as  other 
proteins  required  for  RNA  splicing.  These 
observations  suggest  that  RNA  splicing 
may  begin  before  completion  of  the  pre- 
mRNA  transcripts.  To  our  surprise,  we 
found  that  all  the  splicing  components  also 


occur  in  thousands  of  granules,  roughly  1- 
4  urn  in  diameter,  scattered  throughout  the 
nucleus.  These  granules,  which  we  call 
"snurposomes,"  could  be  sites  for  RNA 
processing.  However,  we  think  it  is  more 
probable  that  the  snurposomes  are  sites  for 
assembly  and  storage  of  splicing  com- 
ponents destined  for  transport  to  the  nas- 
cent transcripts  on  the  chromosomes. 

Donald  D.  Brown 

Our  study  of  amphibian  metamor- 
phosis continues  to  emphasize  identifica- 
tion of  genes  that  are  up-  or  down-regu- 
lated by  the  hormone  thyroxine  in  Xenopus 
laevis.  A  "gene  expression  screen,"  devised 
by  Zhou  Wang,  enables  us  to  isolate  all 
regulated  genes.  Currently,  Wang  is  apply- 
ing the  method  to  the  tail,  which  regresses, 
while  Leonard  Buckbinder  is  studying  the 
formation  of  the  limbs.  Akira  Kanamori  has 
analyzed  the  up-regulation  of  genes  for  one 
kind  of  thyroid  receptor,  called  TRp.  As 
shown  by  Yun-Bo  Shi,  the  gene  encoding 
this  receptor  and  its  transcription  is  very 
complex.  From  these  studies,  we  expect  to 
analyze  the  waves  (cascades)  of  gene  ex- 
pression, induced  by  the  thyroid  hormone, 
that  precede  the  extensive  morphological 
changes  involved  in  the  transition  from  tad- 
pole to  frog. 
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Yasushi  Kamisaka,  NIH  Grant  (Pagano)8 
Akira  Kanamori,  Fellow,  Markey  Charitable 

Trust 
Gary  Karpen,  Fellow  of  the  NIH;  Howard 

Hughes  Research  Associate9 
Vladimir  Kolosha,  CIW  Fellow10 
Peter  Lamb,  Howard  Hughes  Research 

Associate 
Haifan  Lin,  Fellow  of  the  Jane  Coffin  Childs 

Memorial  Fund11 
Patrick  Masson,  Research  Associate,  National 

Fund  for  Scientific  Research,  Belgium12 
Edward  Neufeld,  NIH  Grant  (Pagano)13 
Peter  Okkema,  NIH  Grant  (Fire)14 
Pernille  Rorth,  Fellow  of  the  National  Medical 

Research  Council  of  Denmark15 
Anne  Rosenwald,  Fellow,  Damon  Runyon- 

Walter  Winchell  Cancer  Research  Fund 
Michael  Schlappi,  Fellow  of  the  Swiss 

National  Science  Foundation;  CIBA-GEIGY16 
Yun-bo  Shi,  NIH  Grant  (Brown) 
Jon  Shuman,  Fellow,  Leukemia  Society  of 

America 
David  Smith,  Fellow,  Markey  Charitable  Trust8 
Catherine  Thompson,  Fellow  of  the  Jane 

Coffin  Childs  Memorial  Fund14 
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John  Tower,  Fellow  of  the  Helen  Hay  Whitney 

Foundation;  Howard  Hughes  Research 

Associate 
Robert  Umek,  Fellow,  Leukemia  Society 
Ken  Vernick,  Fellow  of  the  Jane  Coffin  Childs 

Memorial  Fund 
Charles  Vinson,  American  Cancer  Society 

Fellow17 
Zhou  Wang,  NIH  Grant  (Brown) 
Ping  Zhang,  NIH  Grant  (Spradling)8 

Predoctoral  Fellows  and  Associates 

Mary  Anderson,  Johns  Hopkins  University18 
Arash  Aryana,  University  of  Maryland 

Baltimore  County 
Jining  Bai,  Johns  Hopkins  University1 
Lihsia  Chen,  Johns  Hopkins  University 
Brian  Elicieri,  Johns  Hopkins  University 
Anne-Marie  Murphy,  Johns  Hopkins 

University 
Robert  Palmer,  Johns  Hopkins  University 
Brenda  Peculis,  Johns  Hopkins  University17 
Verena  Plunger,  University  of  Vienna 
Tami  Seddon,  Johns  Hopkins  University 
Lisa  Timmons,  Johns  Hopkins  University19 
Tony  Ting,  Johns  Hopkins  University20 
Eve  Walton,  Johns  Hopkins  University21 
Wen-chen  Yeh,  Johns  Hopkins  University 
Lin  Yue,  Johns  Hopkins  University 

Supporting  Staff 

Betty  Addison,  Laboratory  Helper 

Brien  Byers,  Technician 

Ellen  Cammon,  Laboratory  Helper 

Patricia  Cammon,  Laboratory  Helper 

Lee  Connah,  Technician 

Pat  Englar,  Administrative  Assistant 

Ernestine  Flemmings,  Laboratory  Helper22 

Pat  Gary,  Technician 

Eugene  Gibson,  Custodian 

Michael  Glasser,  Computer  Specialist23 

Susan  Harrison,  Technician 

Charles  Herbert,  Technician 

Eileen  Hogan,  Technician 


Connie  Jewell,  Photographer 

Glenese  Johnson,  Laboratory  Helper 

Eddie  Jordan,  Senior  Technician 

Jeff  Kingsbury,  Technician 

Robert  Kingsbury,  Technician 

Bill  Kupiec,  Computer  Systems  Manager24 

Ona  Martin,  Senior  Technician 

Ronald  Millar,  Building  Engineer 

Christine  Murphy,  Senior  Technician 

Christine  Norman,  Administrative  Assistant 

Earl  Potts,  Custodian 

Sheri  Rakvin,  Administrative  Assistant 

Elizabeth  Ryan,  Technician 

Susan  Satchell,  Business  Manager 

Mike  Sepanski,  Technician 

Donna  Somerville,  Laboratory  Helper 

Loretta  Steffy,  Bookkeeper /Clerk 

Dianne  Stern,  Technician 

Mary  Strem,  Technician 

Joe  Suzow,  Technician25 

Dianne  Thompson,  Technician 

Joe  Vokroy,  Machinist 

John  Watt,  Librarian 

Visiting  Investigators  and  Collaborators 

Dan  Burke,  University  of  Virginia, 

Charlottesville 
Nancy  Craig,  University  of  California,  San 

Francisco,  and  George  W.  Hooper 

Foundation 
Charles  Emerson,  University  of  Virginia, 

Charlottesville 
Andrew  Hoyt,  Johns  Hopkins  University 
Ann  Hubbard,  Johns  Hopkins  University 

School  of  Medicine 
Haig  Keshishian,  Yale  University 
Carolyn  Machamer,  Johns  Hopkins  University 

School  of  Medicine 
Peter  Pentchev,  NIH 
Mark  Rose,  Princeton  University 
Alexander  Tsvetkov,  Institute  of  Cytology, 

USSR  Academy  of  Sciences 
Zheng'an  Wu,  Institute  of  Developmental 

Biology,  Academia  Sinica,  Beijing 


^romjune  1,1991 
2FromJuly9, 1990 
3FromJuly2, 1990 
4From  September  17, 1990 
^o  September  30, 1990 
6From  June  18, 1991 
7To  August  31, 1990 
8From  October  1, 1990 
^o  May  15, 1991 


10To  May  31, 1991 
nFrom  August  1, 1990 
12To  April  17, 1991 
13From  February  1, 1991 
14From  July  1,1990 
15From  November  1, 1990 
16From  April  8, 1991 
17To  December  31, 1990 
18FromMay20,1991 


iyFrom  December  28, 1990  to 

May  1,1991 
20To  June  14, 1991 
21To  November  15, 1990 
^From  July  9, 1990  to  April  26, 

1991 
^To  December  7, 1990 
24From  January  2, 1991 
^From  November  26, 1990 


Administrative  Documents 


Personnel 


Members  of  the  Departments  are 
listed  in  the  preceding  sections. 

Special  Appointment 

Barbara  McClintock,  Distinguished  Service 
member  in  Special  Subject  Area  (Cold 
Spring  Harbor,  New  York) 

Office  of  Administration 
1530  P  Street,  N.W. 
Washington,  D.C.  20005 

Lloyd  Allen,  Custodian 

Sharon  Bassin,  Secretary  to  the  President 

Ray  Bowers,  Editor  and  Publications  Officer 

Gloria  Brienza,  Business  Operations  Manager1 

Don  A.  Brooks,  Custodian 

Cady  Canapp,  Human  Resources  and 

Insurance  Manager 
Patricia  Craig,  Associate  Editor 
Barbara  E  Deal,  Administrative  Assistant/ 

Administration  and  Finance 
Deborah  Fancher,  General  Accountant2 
Linda  Feinberg,  Editorial /Administrative 

Assistant3 
Ronald  Grays,  Support  Coordinator 
Jacqueline  J.  Green,  Assistant  to  Human 

Resources  and  Insurance  Manager 
Michael  Jenkins,  Administrative  Assistant4 
Anne  Keatley,  Director  of  Institutional  and 

External  Affairs 
John  Lively,  Director  of  Administration  and 

Finance 
Ruthellen  Madden,  Accounts  Payable /Payroll 

Coordinator5 
Denise  Marcone,  Accountant6 
Dianne  Melick,  Research  Assistant,  Office  of 

Development 


Stephanie  Oulundsen,  Administrative 

Coordinator7 
Catherine  Piez,  Systems  Analyst 
Arnold  J.  Pryor,  Facilities  and  Services 

Supervisor 
Lisa  Schubert,  Financial  Manager8 
Maxine  F.  Singer,  President 
Audrey  Spendley,  Financial  Assountant 
Kris  Sundback,  Research  Accountant9 
Vicki  Tucker,  Administrative  Coordinator/ 

Accounting10 
Susan  Y.  Vasquez,  Assistant  to  the  President 
Yulonda  White,  Personnel  and  Benefits 

Records  Coordinator 

Construction  Project 

Gary  Bors,  Building  and  Grounds  Manager11 
H.  Michael  Day,  Building  Engineer12 
Carl  Johnson,  Project  Manager13 
Mary  Lang,  Secretary  to  Project  Manager14 


^rom  August  6, 1990 

2From  April  22, 1991 

3From  August  20, 1990 

4Word  Processing  Technician  to  October  7, 1990 

5Financial  Assistant  to  August  15, 1990 

6To  July  6, 1990 

7To  May  31, 1990 

8From  July  31, 1990 

9From  December  5, 1990 

10From  May  28, 1991 

11  Project  Field  Engineer  to  January  1, 1991 

12From  July  9, 1990 

13To  December  31,  1990 

14To  November  30, 1990 
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Publications 


Publications  of  the  Institution 


Carnegie  Institution  of  Washington  Year  Book  89,  viii 
+  197  pages,  47  illustrations,  December  1990. 

Spectra:  The  Newsletter  of  the  Carnegie  Institution, 
issued  in  November  1990,  March  1991,  June 
1991. 

Discovering  the  Universe:  Astronomy  at  the  Carnegie 
Institution  of  Washington,  24  pages,  37  illus- 
trations, November  1990. 


Carnegie:  The  Academic  Catalog  of  the  Carnegie 
Institution  of  Washington,  1990-1991, 1991- 
1992,  79  pages,  38  illustrations,  August  1990. 

Carnegie  Institution  of  Washington,  informational 
booklet,  24  pages,  20  illustrations,  August  1990. 

Carnegie  Evening  1991, 16  pages,  7  illustrations, 
May  1991. 


Publications  of  the  President 


Singer,  Maxine,  and  Paul  Berg,  Genes  &  Genomes: 
A  Changing  Perspective,  xxviii  +  929  pages,  701 
illustrations,  University  Science  Books  and 
Blackwell  Scientific  Publications,  1991. 

Singer,  Maxine,  Heroines  and  Role  Models, 
Science  253,  no.  5017,  p.  249, 19  July  1991. 


Singer,  Maxine,  The  Vatican  City  State:  The 
Pontifical  Academy  of  Sciences,  in  Worldwide 
Science  and  Technology  Advice  to  the  Highest 
Levels  of  Governments,  William  T.  Golden,  ed., 
Pergamon  Press,  1991,  and  in  Technology  and 
Society  13,  427-432, 1991. 
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Special  Events 


Capital  Science  Lecture  Series 


Leon  M.  Lederman,  Science  literacy:  race 
between  education  and  survival, 
November  27, 1990 

Freeman  J.  Dyson,  Carbon  dioxide  in  the 
atmosphere  and  biosphere:  implications  for 
global  climate  change,  December  3, 1990 

Antony  Fauci,  AIDS:  considerations  for  the  1990s, 
January  15, 1991 

Ian  M.  Ross,  Information  technology:  vision  and 
reality,  February  19, 1991 


Paul  Berg,  Genes  and  disease,  March  26, 1991 

Edward  O.  Wilson,  Global  biodiversity:  past, 
present,  future,  April  16, 1991 

David  Baltimore,  Biological  diversity:  the 
immune  system,  May  21, 1991 

Vera  Rubin,  What  Newton  didn't  know  about  the 
universe,  June  4, 1991 


Symposia 


The  Vannevar  Bush  Symposium  on  Science, 
Technology,  and  Global  Issues:  a  symposium 
honoring  the  100th  anniversary  of  the  birth  of 
Vannevar  Bush,  H.  Guy  ford  Stever,  chairman, 
sponsored  by  Carnegie  Institution  and  the 
National  Science  Foundation,  March  20, 1991 


Time  Scales  and  Solar  System  Formation, 
symposium  in  honor  of  George  W.  Wetherill, 
held  at  Department  of  Terrestrial  Magnetism, 
May  1-2, 1991 


Carnegie  Evening  Lecture 


J.  Roger  Angel,  Making  bigger  and  better 
telescopes,  May  9, 1991 
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Report  of  the  Executive  Committee 

To  the  Trustees  of  the  Carnegie  Institution  of  Washington 


In  accordance  with  the  provisions  of  the  By-Laws,  the  Executive  Committee 
submits  this  report  to  the  Annual  Meeting  of  the  Board  of  Trustees. 

During  the  fiscal  year  ending  June  30, 1991,  the  Executive  Committee  held 
four  meetings.   Accounts  of  these  meetings  have  been  or  will  be  mailed  to  each 
Trustee. 

A  full  statement  of  the  finances  and  work  of  the  Institution  for  the  fiscal  year 
ended  June  30, 1990  appears  in  the  Institution's  Year  Book  89,  a  copy  of  which  has 
been  sent  to  each  Trustee.  An  estimate  of  the  Institution's  expenditures  in  the 
fiscal  year  ending  June  30, 1992  appears  in  the  budget  recommended  by  the 
Committee  for  approval  by  the  Board  of  Trustees. 

The  terms  of  the  following  members  of  the  Board  expire  on  May  10, 1991: 

William  T.  Coleman,  Jr.  William  F.  Kieschnick 

Edward  E.  David,  Jr.  Gerald  D.  Laubach 

William  T.  Golden  Sally  K.  Ride 

Richard  E.  Heckert  Robert  C.  Seamans,  Jr. 
Antonia  Ax:son  Johnson 

There  is  one  vacancy  in  the  membership  of  the  Finance  Committee,  which 
was  not  filled  in  1990. 

In  addition,  the  terms  of  the  Vice-Chairman  and  Secretary  of  the  Board,  all 
Committee  Chairmen,  and  the  following  members  of  Committees  expire  on  May 
10,1991: 

Finance  Committee  Nominating  Committee 

William  T.  Golden  Edward  E.  David,  Jr. 

Auditing  Committee 
Philip  H.  Abelson 


Robert  C.  Seamans,  Jr.,  Chairman 
May  10, 1991 
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Abstract  of  Minutes 

of  the  Ninety-Fourth  Meeting  of  the  Board  of  Trustees 


The  Annual  Meeting  of  the  Board  of  Trustees  was  held  in  the  Board 
Room  of  the  Administration  Building  on  Friday,  May  10, 1991.  The 
Meeting  was  called  to  order  by  the  Chairman,  Richard  E.  Heckert. 

The  following  Trustees  were  present:  Philip  H.  Abelson,  William  T. 
Coleman,  Jr.,  Edward  E.  David,  Jr.,  John  Diebold,  James  D.  Ebert,  W. 
Gary  Ernst,  William  T.  Golden,  Caryl  P.  Haskins,  Richard  E.  Heckert, 
Kazuo  Inamori,  Antonia  Ax:son  Johnson,  Richard  S.  Perkins,  Robert  C. 
Seamans,  Jr.,  William  I.  M.  Turner,  Jr.,  Thomas  N.  Urban,  and  Sidney  J. 
Weinberg,  Jr.  Also  present  were  William  R.  Hewlett  and  Garrison 
Norton,  Trustees  Emeriti,  Maxine  F.  Singer,  President,  Anne  Keatley, 
Director  of  Institutional  and  External  Affairs,  John  J.  Lively,  Director  of 
Administration  and  Finance,  Susan  Y.  Vasquez,  Assistant  Secretary, 
Marshall  Hornblower,  Counsel,  and  Michael  S.  Inoue  of  the  Kyocera 
Corporation. 

The  minutes  of  the  Ninety-Third  Meeting  were  approved. 

The  Chairman  notified  the  Trustees  of  the  death  of  Howard  A. 
Schneiderman.  He  read  a  memorial  statement  in  tribute  to  Dr. 
Schneiderman  and  the  following  resolution  was  unanimously  adopted: 

Be  It  Therefore  Resolved,  That  the  Board  of  Trustees  of  the  Carnegie 
Institution  of  Washington  hereby  records  its  deep  sense  of  loss 
at  the  death  of  their  colleague  Howard  Allen  Schneiderman. 

And  Be  It  Further  Resolved,  That  this  resolution  be  entered  on 
the  Minutes  of  the  Board  of  Trustees  and  that  a  copy  be  sent 
to  Mrs.  Schneiderman. 

The  Chairman  reported  the  resignations  of  William  F.  Kieschnick 
and  J.  Irwin  Miller  as  Trustees.  The  Board  accepted  these  resignations 
with  regret. 

The  reports  of  the  Executive  Committee,  the  Finance  Committee, 
the  Employee  Benefits  Committee,  and  the  Auditing  Committee  were 
accepted.  On  the  recommendation  of  the  latter,  it  was  resolved  that 
Price  Waterhouse  &  Co.  be  appointed  as  public  accountants  for  the 
fiscal  year  ending  June  30, 1991. 

Sections  1.1,  3.1,  5.7,  and  6.7  of  the  By-Laws  were  amended.  The 
amended  language  is  given  in  the  By-Laws  printed  on  pages  165-170 
of  this  Year  Book. 

On  the  recommendation  of  the  Nominating  Committee,  David  F. 
Swensen  was  elected  member  of  the  Board  of  Trustees,  and  the 
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following  were  reelected  for  terms  ending  in  1994:  William  T.  Coleman,  Jr., 
Edward  E.  David,  Jr.,  William  T.  Golden,  Richard  E.  Heckert,  Antonia 
Ax:son  Johnson,  Gerald  D.  Laubach,  Sally  K.  Ride,  and  Robert  C.  Seamans, 
Jr. 

Robert  C.  Seamans,  Jr.  was  elected  Vice-Chairman  of  the  Board  of 
Trustees  for  a  term  ending  in  1994.  William  T.  Golden  was  elected 
Secretary  of  the  Board  of  Trustees  for  a  term  ending  in  1994. 

The  following  were  elected  for  one-year  terms:  Robert  C.  Seamans,  Jr., 
as  Chairman  of  the  Executive  Committee;  Sidney  J.  Weinberg,  Jr.,  as 
Chairman  of  the  Finance  Committee;  Philip  H.  Abelson,  as  Chairman  of 
the  Auditing  Committee;  and  William  T.  Coleman,  Jr.,  as  Chairman  of  the 
Employee  Benefits  Committee.  Sidney  J.  Weinberg,  Jr.  was  appointed 
Chairman  of  the  Nominating  Committee  for  a  one-year  term. 

Vacancies  in  the  Standing  Committees,  with  terms  ending  in  1994,  were 
filled  as  follows:  William  T.  Golden  was  elected  a  member  of  the  Finance 
Committee;  James  E.  Burke  was  elected  a  member  of  the  Nominating 
Committee.  In  addition,  David  F.  Swensen  was  elected  a  member  of  the 
Finance  Committee  for  the  unexpired  term  ending  in  1992. 

The  annual  report  of  the  President  was  received. 

To  provide  for  the  operation  of  the  Institution  for  the  fiscal  year  ending 
June  30, 1992,  and  upon  recommendation  of  the  Executive  Committee,  the 
sum  of  $29,009,868  was  appropriated. 
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Financial  Statements 

for  the  year  ended  June  30, 1991 
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Contributions,  Gifts,  and  Private  Grants 
for  the  Year  Ended  June  30 ,1991 


Jagan  Akella 

American  Association  for  the  Advancement 

of  Science 
American  Cancer  Society 
Margaret  G.  and  L.  Thomas  Aldrich 
Toshi  Asada 
Association  of  Universities  for  Research  in 

Astronomy 
George  E.  Assousa 
Horace  W.  Babcock 
Giuseppe  and  L.  Elizabeth  Bertani 
Liselotte  Beach 
Tom  I.  Bonner 
Steven  J.  Britz 
Donald  D.  Brown 
Jeanette  S.  Brown 
Linda  Brown 

James  E.  Burke  Foundation,  Inc. 
James  E.  and  Diane  Burke 
Donald  M.  Burt 
J.  A.  R.  Caldwell 

California  Institute  of  Technology 
Carnegie  Corporation  of  New  York 
Robert  M.  Cassie 
Britton  Chance 
CitiCorp  Matching  Gifts 
William  T.  Coleman,  Jr. 
Cummings  Engine  Foundation 
Howard  Clark  Dalton 
Damon  Runyon-Walter  Winchell  Cancer 

Fund 
Vincent  J.  De  Feo 
John  P.  de  Neufville 
John  Diebold 
John  B.  Doak 
Bruce  R.  Doe 
Dudley  Observatory 
James  D.  and  Alma  C.  Ebert 
Everett  Ecklund 
Don  Elthon 
W.  Gary  Ernst 
Lewis  J.  Feldman 
Dorothy  Ruth  Fischer 
Michael  Fleischer 
Flintridge  Foundation 
Alberto  Giesecke 
Robert  G.  Goelet 
Golden  Family  Foundation 


Crawford  H.  Greenewalt 

Margaretta  Greenewalt  Trust 

Richard  D.  and  Irene  M.  Grill 

Stanley  R.  Hart 

Ben  Harte 

Robert  M.  Hazen 

Richard  E.  Heckert 

H.  Lawrence  Heifer 

Alfred  D.  Hershey 

William  R.  Hewlett 

William  and  Louise  Hiesey 

George  Hoch 

Henrietta  W.  Hollaender  Estate 

Satoshi  Hoshina 

Kazuo  Inamori 

John  B.  Irwin 

Emilie  Jager 

George  F.  Jewett,  Jr.  1965  Trust 

Axel  Johnson  Inc. 

Paul  A.  and  Doris  J.  Johnson 

W.  M.  Keck  Foundation 

David  C.  Koo 

Olavi  Kouvo 

Robert  W.  Krauss 

Otto  C.  Landman 

Gerald  D.  Laubach 

Hans  Laufer 

Faith  and  Arthur  LaVelle 

Harold  H.  and  Wei  Soong  Lee 

Harlan  Lewis 

Life  Sciences  Research  Foundation 

Donald  H.  Lindsley 

Charles  and  Elizabeth  Little 

Felix  J.  Lockman 

Eric  Long 

John  D.  &  Catherine  T.  MacArthur 

Foundation 
Winston  W.  Manning 
Lucille  B.  Markey  Charitable  Trust 
Chester  B.  Martin,  Jr. 
William  McChesney  Martin,  Jr. 
Barbara  McClintock 
Sheila  McCormick 
Xenia  and  Irwin  Miller  Trust 
Norio  Murata 
Malcolm  A.  Nobs 
Garrison  Norton 
Tokindo  S.  Okada 
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Contributions,  Gifts,  and  Private  Grants 
for  the  Year  Ended  June  30, 1991  (continued) 


E.  F.  Osborn 

Oxford  University 

Richard  S.  Perkins 

Pfizer  Inc.  Matching  Gifts  Program 

Nathaniel  K.  Proctor 

Elizabeth  M.  Ramsey  and  Hans  A. 

Klagsbrunn 
R.  P.  Ranganayaki 
Vera  C.  Rubin 
Helen  Russell 
Ruth  Schairer 

Maarten  and  Corrie  Schmidt 
William  Schwessinger 
Edwin  M.  Shook 
Maxine  F.  Singer 
Alfred  P.  Sloan  Foundation 
Elizabeth  H.  Smith 
Space  Telescope  Science  Institute 
State  University  of  New  York  at 

Stony  Brook 
David  Stewart 
Bruce  B.  Stowe 


Douglas  Struck 

Lawrence  A.  Taylor 

The  Ambrose  Monell  Foundation 

The  Andrew  W.  Mellon  Foundation 

The  Boston  Foundation 

The  Jane  Coffin  Childs  Memorial  Foundation 

The  March  of  Dimes 

The  Rita  Allen  Foundation 

The  Ruth  and  Frank  Stanton  Fund 

Heinz  Tiedemann 

G.  R.  Tilton 

William  I.  M.  Turner,  Jr. 

Thomas  N.  Urban 

Larry  N.  Vanderhoef 

Warner  Communications 

Sidney  J.  Weinberg,  Jr.  Foundation 

James  A.  Weinman 

Evelyn  M.  Witkin 

Frederick  T.  Wolf 

Masaru  Yamaguchi 

Charles  Yanofsky 

Violet  Koski  Young 
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REPORT  OF  INDEPENDENT  ACCOUNTANTS 

November  8, 1991 


To  the  Auditing  Committee  of  the 
Carnegie  Institution  of  Washington 

In  our  opinion,  the  accompanying  statements  of  assets,  liabilities,  and  fund  balances  and  the 
related  statements  of  revenues,  expenses,  and  changes  in  fund  balances  present  fairly,  in  all 
material  respects,  the  financial  position  of  the  Carnegie  Institution  of  Washington  (the 
Institution)  at  June  30, 1991  and  1990,  and  the  results  of  its  operations  and  the  changes  in  its 
fund  balances  for  the  years  then  ended,  in  conformity  with  generally  accepted  accounting 
principles.  These  financial  statements  are  the  responsibility  of  the  Institution's 
management;  our  responsibility  is  to  express  an  opinion  on  these  financial  statements  based 
on  our  audits.  We  conducted  our  audits  of  these  statements  in  accordance  with  generally 
accepted  auditing  standards  which  require  that  we  plan  and  perform  the  audit  to  obtain 
reasonable  assurance  about  whether  the  financial  statements  are  free  of  material 
misstatement.  An  audit  includes  examining,  on  a  test  basis,  evidence  supporting  the 
amounts  and  disclosures  in  the  financial  statements,  assessing  the  accounting  principles 
used  and  significant  estimates  made  by  management,  and  evaluating  the  overall  financial 
statement  presentation.  We  believe  that  our  audits  provide  a  reasonable  basis  for  the 
opinion  expressed  above. 

Our  audits  were  made  for  the  purpose  of  forming  an  opinion  on  the  basic  financial 
statements  taken  as  a  whole.  The  supporting  schedules  1  through  4  are  presented  for 
purposes  of  additional  analysis  and  are  not  a  required  part  of  the  basic  financial  statements. 
Such  information  has  been  subjected  to  the  auditing  procedures  applied  in  the  audit  of  the 
basic  financial  statements,  and  in  our  opinion,  is  fairly  stated  in  all  material  respects  in 
relation  to  the  basic  financial  statements  taken  as  a  whole. 

As  discussed  in  Note  2  to  the  financial  statements,  in  the  year  ended  June  30, 1991  the 
Institution  adopted  the  provisions  of  Statement  of  Financial  Accounting  Standards  No.  93, 
"Recognition  of  Depreciation  by  Not-for-Profit  Organizations." 


T/Vu^   K/OrfjuJ^cM^ 


153 


Carnegie  Institution  of  Washington 
Financial  Statements 


Statements  of  Assets,  Liabilities,  and  Fund  Balances 
June  30, 1991  and  1990 

1991  1990 
ASSETS 
Current  assets 

Cash  and  cash  equivalents $       318,011  $       994,854 

Grants  receivable       1,043,814  264,215 

Accrued  interest  and  dividends 2,650,349  2,073,892 

Advances  and  accounts  receivable 360,609  327,547 

Total  current  assets       4,372,783  3,660,508 

Investments  (market)* 

Temporary 23,041,791  15,618,423 

Fixed  income 77,037,034  68,875,549 

Corporate  stocks 123,723,108  139,702,674 

Other 565,539  584,579 

Total  investments 224,367,472  224,781,225 

Property,  plant,  and  equipment 

Buildings  and  building  improvements 25,392,235  5,180,083 

Telescopes 7,910,825  7,910,825 

Scientific  equipment       7,802,255  6,130,729 

Administrative  equipment 1,592,578  1,180,143 

Land .       1,086,742  1,086,742 

Art  and  historical  treasures 34,067  32,192 

Less:  accumulated  depreciation (11,313,933)  (9,628,464) 

Property,  plant,  and  equipment  in  service       .     .     .     32,504,769  11,892,250 

Buildings  under  construction 156,196  18,025,717 

Telescope  under  construction 729,158  368,907 

Scientific  equipment  under  construction     ....      47,788         ^ 

Total  property,  plant,  and  equipment       .     .     .          33,437,911  30,286,874 

Total  assets $262,178,166  $258,728,607 

LIABILITIES  AND  FUND  BALANCES 
Liabilities 

Accounts  payable  and  accrued  expenses     ....       $    1,371,755  $    1,632,207 

Deferred  grant  income 1,895,471  2,615,725 

Net  investment  acquisition  debt 1,234,155         ._^_ 

Total  liabilities 4,501,381  4,247,932 

Fund  balances 257,676,785  254,480,675 

Total  liabilities  and  fund  balances    .     .     .      $262,178,166  $258,728,607 


*  Approximate  cost  on  June  30, 1991:  $203,238,365;  June  30, 1990:  $191,719,354 
The  accompanying  notes  are  an  integral  part  of  these  statements. 


154 


Carnegie  Institution  of  Washington 
Financial  Statements 


Statements  of  Revenues,  Expenses,  and  Changes  in  Fund  Balances 
for  the  Years  Ended  JUNE  30, 1991  and  1990 


Year  Ended  Tune  30 

1991  1990 
Revenues 

Investment  earnings 

Interest  and  dividends $  11,422,372  $  11,062,858 

Realized  net  gain  on  investments 13,114,518  15,395,328 

Less:  investment  service  fees (895,728)  (927,841) 

Total  investment  earnings       23,641,162  25,530,345 

Restricted  Grants 

Federal       3,948,581  3,384,060 

Private 2,978,179  2,615,161 

Gifts  and  other  revenues 541,755  909,197 

Total  revenues       31,109,677  32,438,763 

Capital  contributions — equipment 675,276  571,823 

Total  revenues  and  capital  contributions     31,784,953  33,010,586 

Expenses 

Personnel  and  related       12,907,568  11,506,363 

Equipment 3,461,823  2,408,445 

General 6,344,947  5,593,831 

Total  expenses 22,714,338  19,508,639 

Excess  of  revenues  and  capital  contributions 

over  expenses  before  capital  changes 9,070,615  13,501,947 

Capital  changes 

Unrealized  net  (loss)  gain  on  investments     ....      (11,932,764)  687,673 

Capital  campaign— gifts       6,058,259  1,655,153 

Total  capital  changes (5,874,505)  2,342,826 

Excess  of  revenues,  capital  contributions, 

and  capital  changes  over  expenses       3,196,110  15,844,773 

Fund  balances,  beginning  of  period 254,480,675  238,635,902 

Fund  balances,  end  of  period $257,676,785  $254,480,675 


The  accompanying  notes  are  an  integral  part  of  these  statements. 
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Notes  to  The  Financial  Statements 
JUNE  30, 1991 


Note  1.  Significant  Accounting  Policies 

The  financial  statements  of  the  Institution  are 
prepared  on  the  accrual  basis  of  accounting. 

The  Institution  capitalizes  expenditures  for  land, 
buildings  and  leasehold  improvements,  telescopes, 
scientific  and  administrative  equipment,  and  other 
projects  in  progress.  Routine  replacement, 
maintenance,  and  repairs  are  charged  to  expense. 

As  described  in  Note  2,  the  Institution  has  adopted 
the  requirements  of  Statement  of  Financial  Accounting 
Standards  No.  93,  "Recognition  of  Depreciation  by 
Not-for-Profit  Organizations."  Depreciation  of  the 
Institution's  buildings,  telescopes,  and  other  equipment 
is  computed  on  a  straight-line  basis  using  the  following 
useful  lives:  buildings  and  telescopes,  50  years; 
building  and  leasehold  improvements,  25  years  or  the 
remaining  term  of  the  lease;  and  scientific  and 
administrative  equipment,  5  years.  Depreciation 
expense  for  the  years  ended  lune  30, 1991  and  1990  was 
$1,685,470  and  $1,083,680,  respectively. 

During  the  fiscal  year  ended  June  30,  1991,  a 
building  project  was  completed  and  the  associated 
building  placed  in  service.  The  cost  of  the  project  is 
reflected  in  the  appropriate  property,  plant,  and 
equipment  in  service  categories. 

Note  2.  Change  in  Accounting  Policy 

During  the  fiscal  year  ended  June  30,  1991,  the 
Institution  changed  its  method  of  accounting  for 
property,  plant,  and  equipment  to  conform  with  the 
requirements  of  Statement  of  Financial  Accounting 
Standards  No.  93,  "Recognition  of  Depreciation  by 
Not-for-Profit  Organizations."  The  effect  of  this  change 
was  to  increase  the  excess  of  revenues,  capital 
contributions,  and  capital  changes  over  expenses  for 
the  year  ended  June  30, 1991  by  $179,400.  The  financial 
statements  for  the  fiscal  year  ended  June  30,  1990  have 
been  retroactively  restated  for  the  change,  which 
resulted  in  an  increase  in  the  excess  of  revenues,  capital 
contributions,  and  capital  changes  over  expenses  of 
$11,900.  Fund  balances  as  of  luly  1,  1989  have  been 
adjusted  downward  by  $3,065,300  for  the  cumulative 
effect  of  the  retroactive  application  of  the  new  method. 

Note  3.  Net  Investment  Acquisition  Debt 

The  Institution  entered  into  certain  investment 
transactions  with  trade  dates  prior  to  June  30,  1991. 
These  transactions  have  been  included  in  the 
investment  balances.  Since  these  amounts  represent 
unsettled  obligations  at  June  30,  1991,  the  net  amount 
of  $1,234,155  has  also  been  presented  as  a  liability  until 
settlement  occurs. 

Note  4.  Employee  Benefit  Plans 

The  Insitution  has  a  noncontributory,  defined 


contribution,  money-purchase  retirement  plan  in  which 
all  United  States  personnel  are  eligible  to  participate. 
Beginning  April  1,  1989,  the  Plan  has  been  funded 
through  individually  owned  annuities  issued  by 
Teachers'  Insurance  and  Annuity  Association  (TIAA) 
and  College  Retirement  Equities  Fund  (CREF).  There 
are  no  unfunded  past  service  costs.  The  total 
contributions  made  by  the  Institution  were  $1,307,695 
in  1991  and  $1,250,429  in  1990.  After  one  year's 
participation,  an  individual's  benefits  are  fully  vested. 

The  Institution  provides  health  insurance  for  retired 
employees.  Most  of  the  Institution's  United  States 
employees  may  become  eligible  for  those  benefits  at 
retirement.  The  cost  of  retiree  health  insurance  benefits 
is  recognized  as  an  expense  as  costs  are  incurred.  For 
1991  and  1990  those  costs  were  $406,135  and  $351,989, 
respectively. 

The  provisions  of  Statement  of  Financial  Accounting 
Standards  No.  106,  "Employer's  Accounting  for  Post 
Retirement  Benefits  Other  Than  Pensions,"  have  not  yet 
been  adopted  by  the  Institution.  The  Institution  will  not 
be  required  to  adopt  the  provisions  of  this  Statement 
until  the  fiscal  year  ending  lune  30, 1996.  The  impact  of 
such  adoption  has  not  yet  been  quantified. 

Note  5.  Restricted  Grants  and  Gifts 

Restricted  grants  and  gifts  are  funds  received  from 
foundations,  individuals,  and  federal  agencies  in 
support  of  scientific  research  and  educational 
programs.  The  Institution  follows  the  policy  of 
reporting  revenues  only  to  the  extent  that  reimbursable 
expenditures  are  incurred.  Reimbursement  is  based 
upon  provisional  rates  which  are  subject  to  subsequent 
audit  and  potential  downward  adjustment.  The 
Restricted  Grants  and  Gifts  Schedule  (Schedule  3) 
shows  all  current  grants  and  gifts. 

Note  6.  Income  Taxes 

The  Institution  is  exempt  from  federal  income  tax 
under  Section  501(c)(3)  of  the  Internal  Revenue  Code. 
Accordingly,  no  provision  for  income  taxes  is  reflected 
in  the  accompanying  financial  statements.  The 
Institution  is  also  an  educational  institution  within  the 
meaning  of  Section  170(b)(l)(A)(ii)  of  the  Code.  The 
Internal  Revenue  Service  has  classified  the  Institution 
as  other  than  a  private  foundation,  as  defined  in  Section 
509(a)  of  the  Code. 

Note  7.  Other  Investments 

In  order  to  assist  in  the  relocation  of  certain  key 
scientific  staff,  the  Institution  makes  loans  secured  by 
real  estate  to  these  employees  at  below  market  interest 
rates.  At  June  30, 1991  and  1990,  their  outstanding  value 
was  $565,539  and  $584,579,  respectively. 
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Carnegie  Institution  of  Washington 
Financial  Statements 


Restricted  Grants  and  Gifts  Schedule  3 

for  the  Year  Ended  June  30, 1991 

Balance     New  Restricted  Balance 

July  1, 1990  Grants  /Gifts     Expenses     June  30, 1991 
Federal  grants 

NASA $    633,481  $  325,999 

National  Science  Foundation 1,143,861  1,532,156 

Office  of  Naval  Research 231,000 

U.S.  Public  Health  Service 1,179,494  2,007,580 

U.S.  Department  of  Agriculture 84,823 

U.S.  Geological  Survey 104,267 

U.S.  Department  of  Energy 5,332 

U.S.  Department  of  the  Interior 16,310 

U.S.-Israel  BARD    51,993 

Total  federal  grants  and  contracts 3,115,294        4,201,002 

Private  grants 

Alfred  P.  Sloan  Foundation 30,000 

Amer.  Assoc,  for  the  Advancement  of  Science  .  .  ...  10,000 

American  Cancer  Society 424,749  180,000 

American  Chemical  Society    32,902 

American  Society  For  Microbiology 3,307 

Assoc,  of  Univ.  for  Research  in  Astronomy    ...  ...  5,169 

Britton  Chance 1,696 

California  Institute  of  Technology 27,595  61,000 

Damon  Runyon-Walter  Winchell  Cancer  Fnd..   .    57,614  107,000 

Dow  Chemical  Company 19,018 

Dudley  Observatory 6,000 

Embryology  Fund ...  1,263 

First  Light     78,000  15,000 

Robert  Hazen 24,525 

Helen  Hay  Whitney  Foundation 64,332 

Howard  Hughes  Medical  Institute 86,985 

John  D.  Rockefeller  Foundation 16,509 

John  D.  &  Catherine  T.  Macarthur  Fnd 80  15,000 

Leukemia  Society  of  America    171,163 

Life  Sciences  Research  Foundation ...  35,000 

Lucille  P.  Markey  Charitable  Trust    78,327  526,400 

Oxford  University 7,420  1,529 

People's  Republic  of  China 4,285 

Richard  B.T.  Roberts  Memorial  Fund 1,682 

Sandoz  Crop  Protection  Corporation 10,769 

Space  Telescope  Science  Institute 54,600 

State  Univ.  of  New  York  at  Stony  Brook 425,000 

The  Ambrose  Monell  Foundation 41,229  150,000 

The  Andrew  W.  Mellon  Foundation 238,912  30,000 

The  Flintridge  Foundation 199,964 

The  Jane  Coffin  Childs  Memorial  Fnd 25,155  120,500 

The  Johns  Hopkins  University    133,401 

The  March  of  Dimes 30,000 

The  Rita  Allen  Foundation 14,585  30,000 

Vera  C.  Rubin 8,569  500 

Weizmann  Institute 1,042 

W.M.  Keck  Foundation 300,000 

Lead  Trust 1,869,269  997,125 

Total  private  grants  and  contracts 3,618,559        3,155,611 

Total  restricted  grants 6,733,853      $7,356,613 

Less  cash  not  yet  rec'd.  from  grants/contracts   4,118,128 
Deferred  income $2,615,725 


$  320,760 

$  638,720 

1,538,086 

1,137,931 

44,062 

186,938 

1,924,008 

1,263,066 

56,510 

28,313 

27,704 

76,563 

5,332 

16,310 

37,451 

14,542 

3,948,581 

3,367,715 

21,007 

8,993 

10,000 

185,889 

418,860 

11,956 

20,946 

3,307 

5,169 

1,434 

262 

27,587 

61,008 

19,917 

144,697 

12,714 

6,304 

6,000 

1,263 

46,657 

46,343 

19,667 

4,858 

3,000 

61,332 

3,950 

83,035 

12,775 

3,734 

15,000 

80 

53,603 

117,560 

12,279 

22,721 

508,800 

95,927 

8,949 

4,285 

1,682 

10,769 

39,300 

15,300 

113,066 

311,934 

103,944 

87,285 

132,644 

136,268 

1,000 

198,964 

83,554 

62,101 

14,043 

119,358 

22,199 

7,801 

32,179 

12,406 

1,329 

7,740 

1,042 

300,000 

1,456,748 

1,409,646 

2,978,179 

3,795,991 

$6,926,760 

7,163,706 

5,268,235 

$1,895,471 

The  accompanying  notes  are  an  integral  part  of  these  schedules. 
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Carnegie  Institution  of  Washington 

Financial  Statements 


Schedule  4 


Schedule  of  Expenses 
for  the  Years  Ended  June  30, 1991  and  1990 


1991 


1990 


Endowment 
and  Special 

Salaries,  fringe  benefits,  and  payroll  taxes 

Salaries $7,593,876 

Fringe  benefits  and  payroll  taxes 2,150,266 

Total 9,744,142 

Fellowship  grants  and  awards    440,802 

Equipment 1,756,858 

General  Expenses 

Educational  and  research  supplies      ....      589,649 

Contract  Services    326,879 

Building  maintenance  and  repairs 335,489 

Utilities 825,286 

Administrative 566,059 

Computer  services     26,672 

Travel  and  meetings 545,680 

Retiree  health     409,520 

General  insurance 194,476 

Publications 130,957 

Professional  and  consulting  fees       336,056 

Commissary 48,092 

Shop 96,241 

Telephone 190,760 

Postage  and  shipping 144,655 

Miscellaneous 70,439 

Books  and  subscriptions 185,099 

Total 5,022,009 

Total 16,963,811 

Indirect  Costs— Grants (1,129,904) 

Total 15,833,907 

Indirect  costs  capitalized  on 
scientific  construction  projects .    (46,329) 

Total  expenses $15,787,578 


Restricted 

Total 

Total 

Grants 

Expenses 

Expenses 

$  1,119,847 

$  8,713,723 

$  8,043,485 

269,417 

2,419,683 

2,283,976 

1,389,264 

11,133,406 

10,327,461 

995,758 

1,436,560 

1,178,902 

1,704,965 

3,461,823 

2,408,445 

977,103 

1,566,752 

1,447,491 

43,824 

370,703 

311,956 

91,180 

426,669 

382,006 

825,286 

517,510 

95,667 

661,726 

408,266 

17,431 

44,103 

58,756 

243,248 

788,928 

790,186 

409,520 

355,304 

194,476 

201,990 

27,611 

158,568 

116,612 

175,356 

511,412 

420,153 

48,092 

39,050 

96,241 

67,428 

464 

191,224 

156,724 

144,655 

142,138 

34,386 

104,825 

25,713 

599 

185,698 

224,390 

1,706,869 

6,728,878 

5,665,673 

5,796,856 

22,760,667 

19,580,481 

1,129,904 

6,926,760 

22,760,667 

19,580,481 

(46,329) 
$22,714,338 

(71,842) 

$  6,926,760 

$19,508,639 

The  accompanying  notes  are  an  integral  part  of  these  schedules. 
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Articles  of  Incorporation 

$fy-tx$\t\  Congress  of  fyt  Unittb  States  of  America; 

gtt  thje  j&econd  Session, 

Begun  and  held  at  the  City  of  Washington  on  Monday,  the  seventh  day  of  December,  one 
thousand  nine  hundred  and  three. 


A.2ST    ACT 
To  incorporate  the  Carnegie  Institution  of  Washington. 


Be  it  enacted  by  the  Senate  and  House  of  Representatives  of  the  United 
States  of  America  in  Congress  assembled,  That  the  persons  following,  being  persons 
who  are  now  trustees  of  the  Carnegie  Institution,  namely,  Alexander  Agassiz, 
John  S.  Billings,  John  L.  Cadwalader,  Cleveland  H.  Dodge,  William  N.  Frew, 
Lyman  J.  Gage,  Daniel  C.  Oilman,  John  Hay,  Henry  L.  Higginson,  William 
Wirt  Howe,  Charles  L.  Hutchinson,  Samuel  P.  Langley,  William  Lindsay,  Seth 
Low,  Wayne  MacVeagh,  Darius  0.  Mills,  S.  Weir  Mitchell,  William  W.  Morrow, 
Ethan  A.  Hitchcock,  Elihu  Root,  John  C.  Spooner,  Andrew  D.  White,  Charles 
D.  Walcott,  Carroll  D.  Wright,  their  associates  and  successors,  duly  chosen,  are 
hereby  incorporated  and  declared  to  be  a  body  corporate  by  the  name  of  the 
Carnegie  Institution  of  Washington  and  by  that  name  shall  be  known  and  have 
perpetual  succession,  with  the  powers,  limitations,  and  restrictions  herein  contained. 

Sec.  2.  That  the  objects  of  the  corporation  shall  be  to  encourage,  in  the 
broadest  and  most  liberal  manner,  investigation,  research,  and  discovery,  and 
the  application  of  knowledge  to  the  improvement  of  mankind;  and  in  particular — 

(a)  To  conduct,  endow,  and  assist  investigation  in  any  department  of 
science,  literature,  or  art,  and  to  this  end  to  cooperate  with  governments, 
universities,  colleges,  technical  schools,  learned  societies,  and  individuals. 

(b)  To  appoint  committees  of  experts  to  direct  special  lines  of  research. 

(c)  To  publish  and  distribute  documents. 

(d)  To  conduct  lectures,  hold  meetings,  and  acquire  and  maintain  a  library. 

(e)  To  purchase  such  property,  real  or  personal,  and  construct  such  building 
or  buildings  as  may  be  necessary  to  carry  on  the  work  of  the  corporation. 
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(f)  In  general,  to  do  and  perform  all  things  necessary  to  promote  the 
objects  of  the  institution,  with  full  power,  however,  to  the  trustees  hereinafter 
appointed  and  their  successors  from  time  to  time  to  modify  the  conditions  and 
regulations  under  which  the  work  shall  be  carried  on,  so  as  to  secure  the 
application  of  the  funds  in  the  manner  best  adapted  to  the  conditions  of  the  time, 
provided  that  the  objects  of  the  corporation  shall  at  all  times  be  among  the 
foregoing  or  kindred  thereto. 

Sec.  3.  That  the  direction  and  management  of  the  affairs  of  the  corporation 
and  the  control  and  disposal  of  its  property  and  funds  shall  be  vested  in  a  board 
of  trustees,  twenty-two  in  number,  to  be  composed  of  the  following  individuals : 
Alexander  Agassiz,  John  S.  Billings,  John  L.  Cadwalader,  Cleveland  H.  Dodge, 
William  N.  Frew,  Lyman  J.  Gage,  Daniel  C.  Gilman,  John  Hay,  Henry 
L.  Higginson,  William  Wirt  Howe,  Charles  L.  Hutchinson,  Samuel  P. 
Langley,  William  Lindsay,  Seth  Low,  Wayne  MacVeagh,  Darius  0.  Mills, 
S.  Weir  Mitchell,  William  W.  Morrow,  Ethan  A.  Hitchcock,  Elihu  Root, 
John  C.  Spooner,  Andrew  D.  White,  Charles  D.  Walcott,  Carroll  D.  Wright, 
who  shall  constitute  the  first  board  of  trustees.  The  board  of  trustees  shall 
have  power  from  time  to  time  to  increase  its  membership  to  not  more  than 
twenty-seven  members.  Vacancies  occasioned  by  death,  resignation,  or  otherwise 
shall  be  filled  by  the  remaining  trustees  in  such  manner  as  the  by-laws  shall 
prescribe;  and  the  persons  so  elected  shall  thereupon  become  trustees  and  also 
members  of  the  said  corporation.  The  principal  place  of  business  of  the  said 
corporation  shall  be  the  city  of  Washington,  in  the  District  of  Columbia. 

Sec.  4.  That  such  board  of  trustees  shall  be  entitled  to  take,  hold  and 
administer  the  securities,  funds,  and  property  so  transferred  by  said  Andrew 
Carnegie  to  the  trustees  of  the  Carnegie  Institution  and  such  other  funds  or 
property  as  may  at  any  time  be  given,  devised,  or  bequeathed  to  them,  or  to  such 
corporation,  for  the  purposes  of  the  trust;  and  with  full  power  from  time  to  time  to 
adopt  a  common  seal,  to  appoint  such  officers,  members  of  the  board  of  trustees  or 
otherwise,  and  such  employees  as  may  be  deemed  necessary  in  carrying  on  the 
business  of  the  corporation,  at  such  salaries  or  with  such  remuneration  as  they  may 
deem  proper;  and  with  full  power  to  adopt  by-laws  from  time  to  time  and  such  rules 
or  regulations  as  may  be  necessary  to  secure  the  safe  and  convenient  transaction 
of  the  business  of  the  corporation ;  and  with  full  power  and  discretion  to  deal 
with  and  expend  the  income  of  the  corporation  in  such  manner  as  in  their 
judgment  will  best  promote  the  objects  herein  set  forth  and  in  general  to  have 
and  use  all  powers  and  authority  necessary  to  promote  such  objects  and  carry  out 
the  purposes  of  the  donor.     The  said  trustees  shall  have  further  power  from  time 
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to  time  to  hold  as  investments  the  securities  hereinabove  referred  to  so  transferred 
by  Andrew  Carnegie,  and  any  property  which  has  been  or  may  be  transferred 
to  them  or  such  corporation  by  Andrew  Carnegie  or  by  any  other  person, 
persons,  or  corporation,  and  to  invest  any  sums  or  amounts  from  time  to  time 
in  such  securities  and  in  such  form  and  manner  as  are  permitted  to  trustees 
or  to  charitable  or  literary  corporations  for  investment,  according  to  the  laws 
of  the  States  of  New  York,  Pennsylvania,  or  Massachusetts,  or  in  such  securities 
as  are  authorized  for  investment  by  the  said  deed  of  trust  so  executed  by  Andrew 
Carnegie,  or  by  any  deed  of  gift  or  last  will  and  testament  to  be  hereafter  made 
or  executed. 

Sec.  5.  That  the  said  corporation  may  take  and  hold  any  additional 
donations,  grants,  devises,  or  bequests  which  may  be  made  in  further  support  of 
the  purposes  of  the  said  corporation,  and  may  include  in  the  expenses  thereof 
the  personal  expenses  which  the  trustees  may  incur  in  attending  meetings  or 
otherwise  in  carrying  out  the  business  of  the  trust,  but  the  services  of  the 
trustees  as  such  shall  be  gratuitous. 

Sec.  6.  That  as  soon  as  may  be  possible  after  the  passage  of  this  Act  a 
meeting  of  the  trustees  hereinbefore  named  shall  be  called  by  Daniel  C.  Gilman, 
John  S.  Billings,  Charles  D.  Walcott,  S.  Weir  Mitchell,  John  Hay,  Elihu  Root, 
and  Carroll  D.  Wright,  or  any  four  of  them,  at  the  city  of  Washington,  in 
the  District  of  Columbia,  by  notice  served  in  person  or  by  mail  addressed  to 
each  trustee  at  his  place  of  residence;  and  the  said  trustees,  or  a  majority 
thereof,  being  assembled,  shall  organize  and  proceed  to  adopt  by-laws,  to  elect 
officers  and  appoint  committees,  and  generally  to  organize  the  said  corporation; 
and  said  trustees  herein  named,  on  behalf  of  the  corporation  hereby  incorporated, 
shall  thereupon  receive,  take  over,  and  enter  into  possession,  custody,  and 
management  of  all  property,  real  or  personal,  of  the  corporation  heretofore  known 
as  the  Carnegie  Institution,  incorporated,  as  hereinbefore  set  forth  under  "An  Act 
to  establish  a  Code  of  Law  for  the  District  of  Columbia,  January  fourth,  nineteen 
hundred  and  two,"  and  to  all  its  rights,  contracts,  claims,  and  property  of  any 
kind  or  nature ;  and  the  several  officers  of  such  corporation,  or  any  other  person 
having  charge  of  any  of  the  securities,  funds,  real  or  personal,  books  or  property 
thereof,  shall,  on  demand,  deliver  the  same  to  the  said  trustees  appointed  by  this 
Act  or  to  the  persons  appointed  by  them  to  receive  the  same;  and  the  trustees 
of  the  existing  corporation  and  the  trustees  herein  named  shall  and  may  take 
such  other  steps  as  shall  be  necessary  to  carry  out  the  purposes  of  this  Act. 

Sec.  7.  That  the  rights  of  the  creditors  of  the  said  existing  corporation 
known  as  the  Carnegie  Institution  shall  not  in  any  manner  be  impaired  by  the 
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passage  of  this  Act,  or  the  transfer  of  the  property  hereinbefore  mentioned,  nor 
shall  any  liability  or  obligation  for  the  payment  of  any  sums  due  or  to  become 
due,  or  any  claim  or  demand,  in  any  manner  or  for  any  cause  existing  against 
the  said  existing  corporation,  be  released  or  impaired ;  but  such  corporation  hereby 
incorporated  is  declared  to  succeed  to  the  obligations  and  liabilities  and  to  be  held 
liable  to  pay  and  discharge  all  of  the  debts,  liabilities,  and  contracts  of  the  said 
corporation  so  existing  to  the  same  effect  as  if  such  new  corporation  had  itself 
incurred  the  obligation  or  liability  to  pay  such  debt  or  damages,  and  no  such  action 
or  proceeding  before  any  court  or  tribunal  shall  be  deemed  to  have  abated  or  been 
discontinued  by  reason  of  the  passage  of  this  Act. 

Sec.  8.  That  Congress  may  from  time  to  time  alter,  repeal,  or  modify  this 
Act  of  incorporation,  but  no  contract  or  individual  right  made  or  acquired  shall 
thereby  be  divested  or  impaired. 

Sec.  9.  That  this  Act  shall  take  effect  immediately. 


President  of  the  Senate  pro  tempore. 


By-Laws  of  the  Institution 

Adopted  December  13, 1904.  Amended  December  13, 1910,  December  13, 1912,  December  10, 1937, 
December  15, 1939,  December  13, 1940,  December  18, 1942,  December  12, 1947,  December  10, 1954, 
October  24, 1957,  May  8, 1959,  May  13, 1960,  May  10, 1963,  May  15, 1964,  March  6, 1967,  May 
3, 1968,  May  14, 1971,  August  31, 1972,  May  9, 1974,  April  30, 1976,  May  1, 1981,  May  7, 1982, 
May  3, 1985,  May  9, 1986,  May  15, 1987,  May  6, 1988,  May  5, 1989,  and  May  10, 1991. 

ARTICLE  I 
The  Trustees 


1.1.  The  Board  of  Trustees  shall  consist  of  up  to  twenty-seven  members  as 
determined  from  time  to  time  by  the  Board. 

1.2.  The  Board  of  Trustees  shall  be  divided  into  three  classes  approximately  equal  in 
number.  The  terms  of  the  Trustees  shall  be  such  that  those  of  the  members  of  one  class 
expire  at  the  conclusion  of  each  annual  meeting  of  the  Board.  At  each  annual  meeting  of 
the  Board  vacancies  resulting  from  the  expiration  of  Trustees'  terms  shall  be  filled  by 
their  re-election  or  election  of  their  successors.  Trustees  so  re-elected  or  elected  shall  serve 
for  terms  of  three  years  expiring  at  the  conclusion  of  the  annual  meeting  of  the  Board  in 
the  third  year  after  their  election.  A  vacancy  resulting  from  the  resignation,  death,  or 
incapacity  of  a  Trustee  before  the  expiration  of  his*  term  may  be  filled  by  election  of  a 
successor  at  or  between  annual  meetings.  A  person  elected  to  succeed  a  Trustee  before 
the  expiration  of  his  term  shall  serve  for  the  remainder  of  that  term  unless  the  Board 
determines  that  assignment  to  a  class  other  than  the  predecessor's  is  appropriate.  There 
shall  be  no  limit  on  the  number  of  terms  for  which  a  Trustee  may  serve,  and  a  Trustee 
shall  be  eligible  for  immediate  re-election  upon  expiration  of  his  term. 

1.3.  No  Trustee  shall  receive  any  compensation  for  his  services  as  such. 

1 .4.  Trustees  shall  be  elected  by  vote  of  two-thirds  of  the  Trustees  present  at  a  meeting 
of  the  Board  of  Trustees  at  which  a  quorum  is  present  or  without  a  meeting  by  written 
action  of  all  of  the  Trustees  pursuant  to  Section  4.6. 

1 .5.  If,  at  any  time  during  an  emergency  period,  there  be  no  surviving  Trustee  capable 
of  acting,  the  President,  the  Director  of  each  existing  Department,  or  such  of  them  as 
shall  then  be  surviving  and  capable  of  acting,  shall  constitute  a  Board  of  Trustees  pro 
tern, with  full  powers  under  the  provisions  of  the  Articles  of  Incorporation  and  these 
By-Laws.  Should  neither  the  President  nor  any  such  Director  be  capable  of  acting,  the 
senior  surviving  Staff  Member  of  each  existing  Department  shall  be  a  Trustee  pro  tern, 
with  full  powers  of  a  Trustee  under  the  Articles  of  Incorporation  and  these  By-Laws.  It 
shall  be  incumbent  on  the  Trustees  pro  tern  to  reconstitute  the  Board  with  permanent 
members  within  a  reasonable  time  after  the  emergency  has  passed,  at  which  time  the 
Trustees  pro  tern  shall  cease  to  hold  office.  A  list  of  Staff  Member  seniority,  as  designated 
annually  by  the  President,  shall  be  kept  in  the  Institution's  records. 

1.6.  A  Trustee  who  resigns  after  having  served  at  least  six  years  and  having  reached 
age  seventy  shall  be  eligible  for  designation  by  the  Board  of  Trustees  as  a  Trustee 


*A  masculine  pronoun  as  used  in  these  By-Laws  shall  be  deemed  to  include  the 
corresponding  female  pronoun. 
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Emeritus.  A  Trustee  Emeritus  shall  be  entitled  to  attend  meetings  of  the  Board  but  shall 
have  no  vote  and  shall  not  be  counted  for  purposes  of  ascertaining  the  presence  of  a 
quorum.  A  Trustee  Emeritus  may  be  invited  to  serve  in  an  advisory  capacity  on  any 
committee  of  the  Board  except  the  Executive  Committee. 

ARTICLE  II 

Officers  of  the  Board 

2. 1 .  The  officers  of  the  Board  shall  be  a  Chairman  of  the  Board,  a  Vice-Chairman,  and 
a  Secretary,  who  shall  be  elected  by  the  Trustees,  from  the  members  of  the  Board,  by 
ballot  to  serve  for  a  term  of  three  years.  All  vacancies  shall  be  filled  by  the  Board  for  the 
unexpired  term;  provided,  however,  that  the  Executive  Committee  shall  have  power  to 
fill  a  vacancy  in  the  office  of  Secretary  to  serve  until  the  next  meeting  of  the  Board  of 
Trustees. 

2.2.  The  Chairman  shall  preside  at  all  meetings  and  shall  have  the  usual  powers  of 
a  presiding  officer. 

2.3.  The  Vice-Chairman,  in  the  absence  or  disability  of  the  Chairman,  shall  perform 
the  duties  of  the  Chairman. 

2.4.  The  Secretary  shall  issue  notices  of  meetings  of  the  Board,  record  its  transactions, 
and  conduct  that  part  of  the  correspondence  relating  to  the  Board  and  to  his  duties. 

ARTICLE  III 

Executive  Administration 

3.1.  There  shall  be  a  President  who  shall  be  elected  by  ballot  by,  and  hold  office 
during  the  pleasure  of,  the  Board,  who  shall  be  the  chief  executive  officer  of  the 
Institution.  The  President,  subject  to  the  control  of  the  Board  and  the  Executive 
Committee,  shall  have  general  charge  of  all  matters  of  administration  and  supervision 
of  all  arrangements  for  research  and  other  work  undertaken  by  the  Institution  or  with 
its  funds.  He  shall  prepare  and  submit  to  the  Board  of  Trustees  and  to  the  Executive 
Committee  plans  and  suggestions  for  the  work  of  the  Institution,  shall  conduct  its 
general  correspondence  and  the  correspondence  with  applicants  for  grants  and  with  the 
special  advisors  of  the  Committee,  and  shall  present  his  recommendations  in  each  case 
to  the  Executive  Committee  for  decision.  All  proposals  and  requests  for  grants  shall  be 
referred  to  the  President  for  consideration  and  report.  He  shall  have  power  to  remove, 
appoint,  and,  within  the  scope  of  funds  made  available  by  the  Trustees,  provide  for 
compensation  of  subordinate  employees  and  to  fix  the  compensation  of  such  employees 
with  the  limits  of  a  maximum  rate  of  compensation  to  be  established  from  time  to  time 
by  the  Executive  Committee.  The  President  shall  be  ex  officio  a  member  of  the  Executive 
Committee  and  the  Finance  Committee. 

3.2.  The  President  shall  be  the  legal  custodian  of  the  seal  and  of  all  property  of  the 
Institution  whose  custody  is  not  otherwise  provided  for.  He  shall  sign  and  execute  on 
behalf  of  the  corporation  all  contracts  and  instruments  necessary  in  authorized 
administrative  and  research  matters  and  affix  the  corporate  seal  thereto  when  necessary, 
and  may  delegate  the  performance  of  such  acts  and  other  administrative  duties  in  his 
absence  to  other  officers.  He  may  execute  all  other  contracts,  deeds,  and  instruments  on 
behalf  of  the  corporation  and  affix  the  seal  thereto  when  expressly  authorized  by  the 
Board  of  Trustees  or  Executive  Committee.  He  may,  within  the  limits  of  his  own 
authorization,  delegate  to  other  officers  authority  to  act  as  custodian  of  and  affix  the 
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corporate  seal.  He  shall  be  responsible  for  the  expenditure  and  disbursement  of  all  funds 
of  the  Institution  in  accordance  with  the  directions  of  the  Board  and  of  the  Executive 
Committee,  and  shall  keep  accurate  accounts  of  all  receipts  and  disbursements.  He  shall, 
with  the  assistance  of  the  Directors  of  the  Departments,  prepare  for  presentation  to  the 
Trustees  and  for  publication  an  annual  report  on  the  activities  of  the  Institution. 

3.3.  The  President  shall  attend  all  meetings  of  the  Board  of  Trustees. 

3.4.  The  corporation  shall  have  such  other  officers  as  may  be  appointed  by  the 
Executive  Committee,  having  such  duties  and  powers  as  may  be  specified  by  the 
Executive  Committee  or  by  the  President  under  authority  from  the  Executive  Committee. 

3.5.  The  President  shall  retire  from  office  at  the  end  of  the  fiscal  year  in  which  he 
becomes  sixty-five  years  of  age.  The  corporate  officers  appointed  by  the  Executive 
Committee  shall  retire,  and  the  Directors  of  Departments  shall  retire  as  Directors,  at  the 
end  of  the  fiscal  year  in  which  they  become  sixty-five  years  of  age,  except  as  otherwise 
required  by  law  or  as  retirement  may  be  deferred  by  the  Executive  Committee. 

ARTICLE  IV 

Meetings  and  Voting 

4.1.  The  annual  meeting  of  the  Board  of  Trustees  shall  be  held  in  the  City  of 
Washington,  in  the  District  of  Columbia,  in  May  of  each  year  on  a  date  fixed  by  the 
Executive  Committee,  or  at  such  other  time  or  such  other  place  as  may  be  designated  by 
the  Executive  Committee,  or  if  not  so  designated  prior  to  May  1  of  such  year,  by  the 
Chairman  of  the  Board  of  Trustees,  or  if  he  is  absent  or  is  unable  or  refuses  to  act,  by  any 
Trustee  with  the  written  consent  of  the  majority  of  the  Trustees  then  holding  office. 

4.2.  Special  meetings  of  the  Board  of  Trustees  may  be  called,  and  the  time  and  place 
of  meeting  designated,  by  the  Chairman,  or  by  the  Executive  Committee,  or  by  any 
Trustee  with  the  written  consent  of  the  majority  of  the  Trustees  then  holding  office.  Upon 
the  written  request  of  seven  members  of  the  Board,  the  Chairman  shall  call  a  special 
meeting. 

4.3.  Notices  of  meetings  shall  be  given  ten  days  prior  to  the  date  thereof.  Notice  may 
be  given  to  any  Trustee  personally,  or  by  mail  or  by  telegram  sent  to  the  usual  address 
of  such  Trustee.  Notices  of  adjourned  meetings  need  not  be  given  except  when  the 
adjournment  is  for  ten  days  or  more. 

4.4.  The  presence  of  a  majority  of  the  Trustees  holding  office  shall  constitute  a 
quorum  for  the  transaction  of  business  at  any  meeting.  An  act  of  the  majority  of  the 
Trustees  present  at  a  meeting  at  which  a  quorum  is  present  shall  be  the  act  of  the  Board 
except  as  otherwise  provided  in  these  By-Laws.  If,  at  a  duly  called  meeting,  less  than  a 
quorum  is  present,  a  majority  of  those  present  may  adjourn  the  meeting  from  time  to 
time  until  a  quorum  is  present.  Trustees  present  at  a  duly  called  or  held  meeting  at  which 
a  quorum  is  present  may  continue  to  do  business  until  adjournment  notwithstanding 
the  withdrawal  of  enough  Trustees  to  leave  less  than  a  quorum. 

4.5.  The  transactions  of  any  meeting,  however  called  and  noticed,  shall  be  as  valid 
as  though  carried  out  at  a  meeting  duly  held  after  regular  call  and  notice,  if  a  quorum  is 
present  and  if,  either  before  or  after  the  meeting,  each  of  the  Trustees  not  present  in 
person  signs  a  written  waiver  of  notice,  or  consent  to  the  holding  of  such  meeting,  or 
approval  of  the  minutes  thereof.  All  such  waivers,  consents,  or  approvals  shall  be  filed 
with  the  corporate  records  or  made  a  part  of  the  minutes  of  the  meeting. 

4.6.  Any  action  which,  under  law  or  these  By-Laws,  is  authorized  to  be  taken  at  a 
meeting  of  the  Board  of  Trustees  or  any  of  the  Standing  Committees  may  be  taken 
without  a  meeting  if  authorized  in  a  document  or  documents  in  writing  signed  by  all 
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the  Trustees,  or  all  the  members  of  the  Committee,  as  the  case  may  be,  then  holding  office 
and  filed  with  the  Secretary. 

4.7.  During  any  emergency  period  the  term  "Trustees  holding  office"  shall,  for 
purposes  of  this  Article,  mean  the  surviving  members  of  the  Board  who  have  not  been 
rendered  incapable  of  acting  for  any  reason  including  difficulty  of  transportation  to  a 
place  of  meeting  or  of  communication  with  other  surviving  members  of  the  Board. 

ARTICLE  V 

Committees 

5.1.  There  shall  be  the  following  Standing  Committees,  viz.  an  Executive  Committee, 
a  Finance  Committee,  an  Auditing  Committee,  a  Nominating  Committee,  and  an 
Employee  Benefits  Committee. 

5.2.  All  vacancies  in  the  Standing  Committees  shall  be  filled  by  the  Board  of  Trustees 
at  the  next  annual  meeting  of  the  Board  and  may  be  filled  at  a  special  meeting  of  the 
Board.  A  vacancy  in  the  Executive  Committee  and,  upon  request  of  the  remaining 
members  of  any  other  Standing  Committee,  a  vacancy  in  such  other  Committee  may  be 
filled  by  the  Executive  Committee  by  temporary  appointment  to  serve  until  the  next 
meeting  of  the  Board. 

5.3.  The  terms  of  all  officers  and  of  all  members  of  Committees,  as  provided  for 
herein,  shall  continue  until  their  successors  are  elected  or  appointed.  The  term  of  any 
member  of  a  Committee  shall  terminate  upon  termination  of  his  service  as  a  Trustee. 

Executive  Committee 

5.4.  The  Executive  Committee  shall  consist  of  the  Chairman,  Vice-Chairman,  and 
Secretary  of  the  Board  of  Trustees,  the  President  of  the  Institution  ex  officio,  and,  in 
addition,  not  less  than  five  or  more  than  eight  Trustees  to  be  elected  by  the  Board  by 
ballot  for  a  term  of  three  years,  who  shall  be  eligible  for  re-election.  Any  member  elected 
to  fill  a  vacancy  shall  serve  for  the  remainder  of  his  predecessor's  term.  The  presence  of 
four  members  of  the  Committee  shall  constitute  a  quorum  for  the  transaction  of  business 
at  any  meeting. 

5.5.  The  Executive  Committee  shall,  when  the  Board  is  not  in  session  and  has  not 
given  specific  directions,  have  general  control  of  the  administration  of  the  affairs  of  the 
corporation  and  general  supervision  of  all  arrangements  for  administration,  research, 
and  other  matters  undertaken  or  promoted  by  the  Institution.  It  shall  also  submit  to  the 
Board  of  Trustees  a  printed  or  typewritten  report  of  each  of  its  meetings,  and  at  the  annual 
meeting  shall  submit  to  the  Board  a  report  for  publication. 

5.6.  The  Executive  Committee  shall  have  power  to  authorize  the  purchase,  sale, 
exchange  or  transfer  of  real  estate. 

Finance  Committee 

5.7.  The  Finance  Committee  shall  consist  of  not  less  than  five  and  not  more  than  six 
Trustees  to  be  elected  by  the  Board  by  ballot  for  a  term  of  three  years,  who  shall  be  eligible 
for  re-election,  and  the  President  of  the  Institution  ex  officio.  The  presence  of  three 
members  of  the  Committee  shall  constitute  a  quorum  for  the  transaction  of  business  at 
any  meeting. 

5.8.  The  Finance  Committee  shall  have  custody  of  the  securities  of  the  Institution 
and  general  charge  of  its  investments  and  invested  funds  and  shall  care  for  and  dispose 
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of  the  same  subject  to  the  directions  of  the  Board  of  Trustees.  It  shall  have  power  to 
authorize  the  purchase,  sale,  exchange,  or  transfer  of  securities  and  to  delegate  this 
power.  For  any  retirement  or  other  benefit  plan  for  the  staff  members  and  employees  of 
the  Institution,  it  shall  be  responsible  for  supervision  of  matters  relating  to  investments, 
appointment  or  removal  of  any  investment  manager  or  advisor,  reviewing  the  financial 
status  and  arrangements,  and  appointment  or  removal  of  any  plan  trustee  or  insurance 
carrier.  It  shall  consider  and  recommend  to  the  Board  from  time  to  time  such  measures 
as  in  its  opinion  will  promote  the  financial  interests  of  the  Institution  and  improve  the 
management  of  investments  under  any  retirement  or  other  benefit  plan.  The  Committee 
shall  make  a  report  at  the  annual  meeting  of  the  Board. 

Auditing  Committee 

5.9.  The  Auditing  Committee  shall  consist  of  three  members  to  be  elected  by  the 
Board  of  Trustees  by  ballot  for  a  term  of  three  years. 

5.10.  Before  each  annual  meeting  of  the  Board  of  Trustees,  the  Auditing  Committee 
shall  cause  the  accounts  of  the  Institution  for  the  preceding  fiscal  year  to  be  audited  by 
public  accountants.  The  accountants  shall  report  to  the  Committee,  and  the  Committee 
shall  present  said  report  at  the  ensuing  annual  meeting  of  the  Board  with  such 
recommendations  as  the  Committee  may  deem  appropriate. 

Nominating  Committee 

5.11.  The  Nominating  Committee  shall  consist  of  the  Chairman  of  the  Board  of 
Trustees  ex  officio  and,  in  addition,  three  Trustees  to  be  elected  by  the  Board  by  ballot  for 
a  term  of  three  years,  who  shall  be  eligible  for  re-election,  but,  after  serving  for  two 
consecutive  terms,  not  until  after  the  lapse  of  one  year.  Any  member  elected  to  fill  a 
vacancy  shall  serve  for  the  remainder  of  his  predecessor's  term.  The  Chairman  of  the 
Board  shall  appoint  a  member  of  the  Committee  as  Chairman  for  a  term  expiring  no  later 
than  the  expiration  of  his  term  as  a  member. 

5.12.  Sixty  days  prior  to  an  annual  meeting  of  the  Board  the  Nominating  Committee 
shall  notify  the  Trustees  by  mail  of  the  vacancies  to  be  filled  in  the  membership  of  the 
Board.  Each  Trustee  may  submit  nominations  for  such  vacancies.  Nominations  so 
submitted  shall  be  considered  by  the  Nominating  Committee,  and  ten  days  prior  to  the 
annual  meeting  the  Nominating  Committee  shall  submit  to  members  of  the  Board  by 
mail  a  list  of  the  persons  so  nominated,  with  its  recommendations  for  filling  existing 
vacancies  on  the  Board  and  its  Standing  Committees.  No  other  nominations  shall  be 
received  by  the  Board  at  the  annual  meeting  except  with  the  unanimous  consent  of  the 
Trustees  present. 

Employee  Benefits  Committee 

5.13.  The  Employee  Benefits  Committee  shall  consist  of  not  less  than  three  and  not 
more  than  four  members  to  be  elected  by  the  Board  of  Trustees  by  ballot  for  a  term  of 
three  years,  who  shall  be  eligible  for  re-election,  and  the  Chairman  of  the  Finance 
Committee  ex  officio.  Any  member  elected  to  fill  a  vacancy  shall  serve  for  the  remainder 
of  his  predecessor's  term. 

5.14.  The  Employee  Benefits  Committee  shall,  subject  to  the  directions  of  the  Board 
of  Trustees,  be  responsible  for  supervision  of  the  activities  of  the  administrator  or 
administrators  of  any  retirement  or  other  benefit  plan  for  staff  members  and  employees 
of  the  Institution,  except  that  any  matter  relating  to  investments  or  to  the  appointment 
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or  removal  of  any  trustee  or  insurance  carrier  under  any  such  plan  shall  be  the 
responsibility  of  the  Finance  Committee.  It  shall  receive  reports  from  the  administrator 
or  administrators  of  the  employee  benefit  plans  with  respect  to  administration,  benefit 
structure,  operation,  and  funding.  It  shall  consider  and  recommend  to  the  Board  from 
time  to  time  such  measures  as  in  its  opinion  will  improve  such  plans  and  the 
administration  thereof.  The  Committee  shall  submit  a  report  to  the  Board  at  the  annual 
meeting  of  the  Board. 

ARTICLE  VI 

Financial  Administration 

6.1.  No  expenditure  shall  be  authorized  or  made  except  in  pursuance  of  a  previous 
appropriation  by  the  Board  of  Trustees,  or  as  provided  in  Section  5.8  of  these  By-Laws. 

6.2.  The  fiscal  year  of  the  Institution  shall  commence  on  the  first  day  of  July  in  each 
year. 

6.3.  The  Executive  Committee  shall  submit  to  the  annual  meeting  of  the  Board  a  full 
statement  of  the  finances  and  work  of  the  Institution  for  the  preceding  fiscal  year  and  a 
detailed  estimate  of  the  expenditures  of  the  succeeding  fiscal  year. 

6.4.  The  Board  of  Trustees,  at  the  annual  meeting  in  each  year,  shall  make  general 
appropriations  for  the  ensuing  fiscal  year;  but  nothing  contained  herein  shall  prevent 
the  Board  of  Trustees  from  making  special  appropriations  at  any  meeting. 

6.5.  The  Executive  Committee  shall  have  general  charge  and  control  of  all 
appropriations  made  by  the  Board.  The  Committee  shall  have  full  authority  to  allocate 
appropriations  made  by  the  Board,  to  reallocate  available  funds,  as  needed,  and  to 
transfer  balances. 

6.6.  The  securities  of  the  Institution  and  evidences  of  property,  and  funds  invested 
and  to  be  invested,  shall  be  deposited  in  such  safe  depository  or  in  the  custody  of  such 
trust  company  and  under  such  safeguards  as  the  Finance  Committee  shall  designate, 
subject  to  directions  of  the  Board  of  Trustees.  Income  of  the  Institution  available  for 
expenditure  shall  be  deposited  in  such  banks  or  depositories  as  may  from  time  to  time 
be  designated  by  the  Executive  Committee. 

6.7.  Any  trust  company  entrusted  with  the  custody  of  securities  by  the  Finance 
Committee  may,  by  resolution  of  the  Board  of  Trustees,  be  made  Fiscal  Agent  of  the 
Institution,  upon  an  agreed  compensation,  for  the  transaction  of  the  business  coming 
within  the  authority  of  the  Finance  Committee. 

6.8.  The  property  of  the  Institution  is  irrevocably  dedicated  to  charitable  purposes, 
and  in  the  event  of  dissolution  its  property  shall  be  used  for  and  distributed  to  those 
charitable  purposes  as  are  specified  by  the  Congress  of  the  United  States  in  the  Articles 
of  Incorporation,  Public  Law  No.  260,  approved  April  28,  1904,  as  the  same  may  be 
amended  from  time  to  time. 

ARTICLE  VII 

Amendment  of  By-Laws 

7.1.  These  By-Laws  may  be  amended  at  any  annual  or  special  meeting  of  the  Board 
of  Trustees  by  a  two-thirds  vote  of  the  members  present,  provided  written  notice  of  the 
proposed  amendment  shall  have  been  served  personally  upon,  or  mailed  to  the  usual 
address  of,  each  member  of  the  Board  twenty  days  prior  to  the  meeting. 
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